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ABSTRACT 


Theoretical  predictions  of  wave  growth  by  closure  modelling 
have  been  hindered  by  the  ambiguity  about  the  interface  conditions  and 
the  lack  of  knowledge  of  the  dynamics  of  wave-turbulence  interaction. 

The  present  experimental  program  was  undertaken  in  an  attempt  to 
clarify  the  interface  flow  structure,  as  well  as  the  closure  relations, 
and  to  study  the  dynamic  response  of  wave  perturbations  to  the  imposition 
of  air  modulations. 

The  Stanford  wind-wave  facility  was  modified  to  permit  generation 
of  an  air  modulation  with  a sinusoidal  variation.  A wave  height  gauge 
and  an  X-array  hot-film  probe  were  used  to  measure  simultaneously  the 
wave  height  and  the  wind  velocity  from  a wave-follower  operating  in  a 
transformed  coordinate  system.  Four  runs  were  made,  all  with  a 2.  4 
m/ sec  mean  free  stream  velocity  and  a 1 Hz  mechanically-generated 
water  wave  of  amplitude  2,  67  cm,  but  with  modulating  frequencies  at 
0.  0,  0.  4,  0.  7 and  1.  6 Hz  respectively.  Each  velocity  profile  consists 
of  18  points  ranging  in  mean  elevations  from  1.  604  cm  to  39.  45  cm  above 
the  interface.  Theoretical  bases  were  also  formed  for  a better  under- 
standing of  the  flow  characteristics  in  the  transformed  coordinate  sys- 
tem. 

The  mean  velocity  profile  was  found  to  be  basically  log-linear 
with  a wake  characteristic  near  the  free  stream.  !"he  friction  velocity 
computed  from  the  profile  method  agrees  with  the  result  obtained  from 
the  measured  constant  shear  stress  layer  near  the  interface.  The  lower 
portion  of  the  mean  profiles  follows  the  wave  form  but  the  upper  portion 
of  the  mean  profiles  seems  to  be  unaware  of  the  existence  of  the  water 
wave  underneath.  Thus,  describing  the  flow  in  the  transformed  coordi- 
nate system  is  an  appropriate  approach.  Drift  current  effects  on  the 
mean  flow  were  also  discussed. 


The  wave  perturbation  motion  was  found  to  be  irrotational  near 
the  free  stream  and  to  have  a strong  shear  behavior  near  the  interface. 
All  the  phases  of  the  wave-induced  turbulent  Reynolds  stresses  have  a 
jump  of  180  in  the  middle  of  the  boundary  layer,  but  such  jumps  do  not 
occur  in  the  phases  of  the  wave  perturbation  velocities.  The  relation- 
ships between  the  observed  wave  perturbation  velocities  and  the  induced 
turbulent  Reynolds  stresses  are  basically  of  an  eddy  viscosity  type. 

The  energy  balance  of  the  wave  perturbation  field  showed  that 
most  of  the  energy  transfer  occurs  in  the  vicinity  of  the  interface. 
Energy  was  drawn  from  the  mean  flow  to  wave  perturbation,  and  then 
from  the  wave  perturbation  to  turbulence  and  to  the  water  wave.  The 
energy  transfer  from  wind  to  waves  is  predominantly  caused  by  the  wave 
perturbation  pressure.  The  measured  wave  growth  rate  agrees  with 
that  observed  by  Dobson  (1971),  and  is  one  order  in  magnitude  greater 
than  Miles'  prediction.  Wave-turbulence  interaction  is  responsible  for 
this  higher  growth  rate. 

The  response  of  the  wave  perturbation  to  air  modulations  when 
the  modulating  frequencies  are  lower  than  the  frequency  of  the  water 
wave  is  different  from  that  when  the  modulating  frequency  is  higher  than 
the  frequency  of  the  water  wave.  Air  modulations  tend  to  decrease  the 
ripple  formation  over  the  mechanically-generated  water  wave  under  the 
same  mean  flow  condition. 
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CHAPTER  1 
INTRODUCTION 


1.  1 General 

The  generation  of  surface  water  waves  by  wind  is  a classical 
problem.  To  date,  although  significant  advances  have  been  made 
toward  the  understanding  of  the  wave  generation  processes,  our  know- 
ledge remains  incomplete.  Recent  investigations  have  suggested  that 
the  interaction  between  the  surface  water  waves  and  the  background 
turbulence  of  the  wind  may  strongly  enhance  the  momentum  and  energy 
transfer,  from  the  wind  to  the  waves,  which  ultimately  causes  the 
waves'  growth.  Unfortunately,  when  the  wave-turbulence  interaction  is 
considered,  the  so-called  "closure"  problem  is  raised. 

The  closure  problem  occurs  when  an  averaging  process  is  applied 
to  the  Navier-Stokes  equations  in  describing  statistically  the  wind  fields. 
The  averaging  process  results  in  the  loss  of  information  and  introduces 
new  unknown  quantities  commonly  referred  to  as  turbulent  Reynolds 
stresses.  In  order  to  solve  the  problem,  closure  relations,  which  re- 
late the  Reynolds  stresses  to  other  quantities  in  the  averaged  equations, 
should  be  postulated.  In  wind-wave  generation,  the  closure  problem  is 
associated  with  the  induced  turbulent  Reynolds  stresses  that  are  oscil- 
latorily  coherent  with  the  surface  water  waves.  A successful  closure 
modelling  for  the  induced  turbulent  Reynolds  stresses  should  properly 
describe  the  dynamics  of  wave -turbulence  interaction,  and  the  results 
of  its  predication  should  agree  with  those  measured.  Hence  one  rea- 
lizes immediately  that  obtaining  reliable  data  associated  with  the  wave 
perturbation  against  which  the  model  predictions  can  be  compared  is 
equally  important  to  modelling. 

In  the  past  ten  years,  several  closure  models  have  been  proposed 
to  predict  wave-induced  fields  (Eong  1971;  Davis  1970,  1972;  Saeger  and 
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Ri'vik>1<Is  ^•7  1;  [’ownbend  l'*7d;  Norris  and  Rf\nolds  I'^Ts).  Most  of 
tho  modi'ls  arc  hasod  on  ad  hoc  or  phenomenological  assumptions. 

Very  little  effort  has  been  madt“  toward  understanding  basically  how 
th<‘  waves  couple  with  the  turbulence  in  producing  the  induced  turtmlent 
Reynolds  stresst;s.  This  basic  understanding  is  now  considered  one  o'" 
the  most  itnportant  features  in  the  closure  modelling.  Because  the 
existing  turljulence  theory  is  incomplete,  direct  measurements  of  the 
wave  perturbation  fields,  including  the  induced  turbulent  Ri-ynolds 
stri'sses,  should  be  very  instructive,  not  only  to  the  formation  of  clo- 
sure relations  in  predicting  the  wind-wave  generation  but  iilso  to  the 
further  understanding  of  the  turbulence  structure. 

•Studying  the  response  of  the  wav^e  perturbations  to  a caliljrated 
unsteady  air  motion  provides  one  w'ay  of  investigating  the  wav'e- 
turijulariee  interaction.  The  unsteadiness  of  air  flgw  can  be  fixed  by 
generating  a controlled  air  modulation  into  the  interface  flow  regime. 
The  air  modulation  possesses  a pulsating  feature,  which  varies  sinu- 
soidally with  time  and  has  a very  long  wave  length  when  the  modulating 
frequency  is  low.  Although  it  is  hard  to  visualize  that  the  air  modula- 
tion serves  as  one  frequency- spectral  component  of  turbulence,  it  is 
anticipated  that  the  interaction  between  the  air  modulation  and  the  waves 
does  maintain  most  features  of  turbulence -wave  interaction.  The 
analogy  is  even  more  profound  when  the  air  modulation  frequency  is  low, 
because  the  low-frequency  components  of  turbulence  are  of  large  scale 
and  are  sometimes  regarded  as  organized  waves.  By  measuring  the 
air  flows  under  the  conditions  with  and  without  air  modulations,  the 
effect  of  the  air  modulation  on  the  wave  perturbation  can  be  determined. 

Aside  from  the  closure  problem,  there  is  some  ambiguity  about 
the  boundary  conditions  at  the  interface  arising  from  the  oscillatory 
displacement  of  the  water  surface  and  the  possible  influence  caused  by 
the  existence  of  drift  currents.  The  calculations  of  closure  modelling 
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are  very  sensitive  to  the  interface  boundary  conditions  imposed  as 
pointed  out  by  Davis  (1970)  and  Long  (1971),  The  interface  boundary 
conditions  should  be  consistent  with  the  physical  process  at  the  inter- 
face, Direct  measurements  of  the  wave  perturbation  quantities  as 
close  to  the  interface  as  possible  are  urgently  needed  in  resolving  this 
problem.  Measurements  performed  at  a fixed  elevation  are  generally 
believed  to  be  unfruitful  since  the  probe  used  for  data  taking  can  reach 
only  to  a distance  approximately  equal  to  the  maximum  wave  amplitude 
from  the  mean  water  level.  This  disadvantage  of  fixed  probe  measure- 
ments is  even  more  serious  at  high  wind  speeds  where  both  the  diffusive 
layer  (usually  referred  to  as  the  momentum  thickness)  ic  much  thinner 
than  the  wave  height,  and  the  critical  height  (the  distance  from  the  mean 
water  level  to  the  level  where  the  mean  velocity  equals  the  wave  speed) 
is  much  lower  than  the  wave  height, 

A coordinate  system  using  the  undulating  interface  as  the  ordinate 
and  asymptotically  matching  with  the  undistorted  coordinate  system 
when  the  ordinates  of  both  systems  are  away  from  the  interface  was 
first  adopted  by  Benjamin  (1959),  In  Benjamin's  analysis  the  air  flow 
extended  to  infinite  height.  For  air  flow  with  finite  height,  a trans- 
formed coordinate  system  which  resembled  Benjamin's  was  used  suc- 
cessfully by  Norris  and  Reynolds  (1975)  in  predicting  the  pressure  wave 
perturbations.  However,  no  data  of  the  velocity  fields  were  obtained 
by  Norris  and  Reynolds  for  their  modelling  comparisons,  although  the 
velocity  field  data  usually  serves  as  a more  sensitive  test  than  the 
pressures.  Measurements  of  the  velocity  fields  as  well  as  of  the  tur- 
bulent Reynolds  stresses  in  the  transformed  coordinate  systems  will 
not  only  reveal  more  information  in  determining  the  interface  boundary 
conditions,  but  also  provide  basic  data  for  closure  model  justification. 

l.Z  Objectives 

The  objectives  of  this  investigation  are  as  follows: 
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(M  To  (iosign  an  experiment  through  which  one  can 

(a) ,  investigate  the  air-water  interface  flows  in  a transformed 

coordinate  system; 

(b) ,  investigate  the  response  of  the  wave  perturbations  to  the 

pulsating  air  modulations. 

(Z)  To  obtain  some  reliable  data  on  flows  which  may  possibly  resolve 
some  aspects  of  closure  dynamics  and  lead  toward  the  prediction 
of  wind-wave  generation.  These  experimental  data  consist  of 

(a) ,  mean  velocity  and  mean  Reynolds  stresses  to  characterize 

the  flow; 

(b) .  induced  velocities  and  induced  turbulent  Reynolds  stresses 

associated  with  both  the  surface  water  waves  and  the  air 
modulations ; 

(c) .  velocity  components  produced  from  the  interaction  between 

the  surface  waves  and  the  air  modulations. 

(3)  To  give  some  thereotical  insights  to  wave -turbulence  interactions 
for  better  understanding  of  the  interface  flows  in  the  transformed 
coordinate  system. 

1.  3 Previous  Work 

Interest  in  the  theory  of  wave  generation  by  winds  was  reactivated 
by  the  works  of  Eckart  (1953)  and  in  particular  of  Ursell  (1956).  How- 
ever, the  first  significant  contribution  to  the  theory  should  be  reserved 
to  those  works  of  Phillips  (1957)  and  Miles  (1957). 

Phillips'  theory  can  be  regarded  as  a discussion  of  an  ensemble  of 
Kelvin  wakes,  generated  by  turbulent  pressure  fluctuations.  Its  mecha- 
nism is  based  on  resonance  and  the  resulting  wave  growth  rate  is  linear. 
Rut,  the  later  measurements  by  Snyder  and  Cox  (1966)  and  by  Rarnett 
and  Wilkerson  (1967)  showed  that  Phillips'  theory,  although  it  is  valid, 
can  not  provide  correct  estimates  of  the  energy  and  momentum  transfer 
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from  wind  to  waves,  except  perhaps  in  the  very  initial  stages  of  the 
wave  generation  over  a smooth  water  surface. 

Miles'  theory  describes  the  coupling  between  surface  waves  and 
the  mean  air  flow.  The  growth  mechanism  mainly  depends  on  the  feed- 
back of  the  wave-induced  air  flow  perturbations  to  the  surface  waves. 

His  mechanism  bears  a strong  resemblance  to  the  classical  work  on 
hydrodynamic  stability,  and  the  resulting  wave  growth  rate  is  exponen- 
tial. Hence,  when  wave  amplitudes  are  large.  Miles'  mechanism  is 
more  effective  than  Phillips'  mechanism  in  transferring  energy  from 
wind  to  waves.  It  was  anticipated  that  Miles'  mechanism  should  provide 
the  major  portion  of  energy  transfer;  unfortunately,  the  measurements 
of  Snyder  and  Cox  (1966)  and  later  works  of  Barnett  and  Wilkerson 
(1967),  of  Shemdin  and  Hsu  (1967),  and  of  Bole  and  Hsu  (1969)  showed 
their  measured  growth  rates  to  be  one  order  in  magnitude  greater  than 
those  predicted  from  Miles'  theory. 

In  his  1957  paper,  although  Miles  acknowledged  the  possible  sig- 
nificance of  the  induced  turbulent  Reynolds  stresses  and  the  ambiguity 
of  the  interface  boundary  conditions  caused  by  using  a fixed  coordinate 
system,  he  based  his  calculations  primarily  on  the  inviscid  quasilaminar 
assumptions  where  the  viscous  and  the  turbulence  effects  were  neglected. 
The  difficulty  of  the  interface  boundary  conditions  was  overcome  by 
Miles  (1959)  and  by  Benjamin  (1959)  by  using  transformed  coordinate 
systems  so  that  the  boundary  conditions  could  be  evaluated  directly  at 
the  interface.  Hence,  the  viscous  effect  could  also  be  included  in  their 
calculations.  Their  main  conclusion  was  that  the  viscous  effect  does 
not  significantly  contribute  to  the  momentum  and  energy  transfer  from 
wind  to  waves  in  the  flow  regime  of  practical  interest. 

The  significance  of  the  induced  turbulent  Reynolds  stresses  was 
not  only  revealed  from  the  failure  of  the  quasilaminar  model  to  predict 
the  major  portion  of  wave  growth,  but  also  proven  by  Longuet-Higgins 
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(19b'))  following  the  concepts  given  by  Stewart  (l‘)67).  Longuet-Higgins 
(19b9)  showed  that  an  oscillating  shear  stress  at  the  inti'rface  could  be 
of  equal  importance  as  the  wave-induced  pressure  in  transferring  the 
energy  to  the  waves,  Kendall  (1970)  indicated  experimentally  the 
strong  modulation  of  turbulent  structure  caused  by  the  progressive 
water  waves  and  the  significance  of  direct  energy  transfer  to  the  waves 
acted  upon  by  the  induced  turbulent  Reynolds  stresses. 

When  the  induced  turbulent  Reynolds  stresses  are  retained  in  the 
linearized  perturbation  equations,  the  closure  problem  impedes  any 
further  theoretical  predictions.  Closure  relations  were  obtained  by 
authors  using  the  existing  closure  theories  in  turbulence. 

Miles  (1967)  used  the  mixing  length  and  the  similarity  arguments 
in  relating  the  induced  turbulent  Reynolds  stresses  to  the  induced  tur- 
bulent vcrticity.  Although  no  further  calculations  were  performed  in 
the  absence  of  detailed  experimental  data  at  that  time,  he  conjectured 
that  inclusion  of  induced  turbulent  Reynolds  stresses  in  the  governing 
equations  was  necessary  to  improve  the  predictions. 

Davis  (1970)  followed  Benjamin's  (1959)  suggestion  that  "the  pro- 
perties of  the  flow  are  dependent  on  an  appropriate  measure  of  the  height 
above  the  instantaneous  wave  surface"  (Davis  1970,  pp.  IZZ)  and  pro- 
posed that  the  horizontal  component  of  induced  turbulent  shear  stress  is 
directly  proportional  to  the  curvature  of  the  mean  velocity  profile  and 
to  the  wavy  displacement  of  the  vertical  ordinate  used  by  Benjamin 
(1959).  Numerical  predictions  based  on  this  model  were  inconsistent 
with  Stewart's  data  (1970)  and  were  inconclusive, 

Saeger  and  Reynolds  (1971)  adopted  an  eddy  viscosity  model  to 
calculate  the  induced  pressures  over  a flexible  wavy  surface.  The  eddy 
viscosity  model  was  originally  proposed  by  Hussain  and  Reynolds  (1970) 
to  study  successfully  the  behavior  of  turbulent  Tollmein-Schlichting 
waves  in  a straight-wall  channel.  Experimentally-measured  pressure 
data  of  Saeger  and  Reynolds  disagreed  with  their  predictions. 


Ootails  of  the  closure  technique  were  examined  by  Davis  (197Z). 
Computations  following  the  BFA  scheme  (Bradshow,  Ferriss  and 
Atwell  1967)  yielded  an  exponential  wave  growth  rate  one  order  in 
magnitude  less  than  the  experimental  results  of  Kendall  (1970)  and  of 
Dobson  (1971).  Davis  also  generalized  the  eddy  viscosity  model  of 
Hussain  and  Reynolds  to  include  the  elastic  behavior  of  fluid  by  pro- 
posing a "memory”  function  in  characterizing  the  fluid  experience  under- 
going strain.  The  eddy  viscosity  model  was  subsequently  the  limiting 
case  of  shortest  "memory.  " Results  of  Davis'  calculations  showed  no 
apparent  difference  between  the  eddy  viscosity  model  and  the  eddy  vis- 
coelasticity model  (the  generalized  model);  the  predicted  wave  growth 
rate  agreed  reasonably  with  those  of  Kendall  (1970)  and  of  Dobson  (1971). 

Townsend  (197Z)  modified  the  BFA  scheme  to  study  the  distortion 
of  turbulent  boundary  layer  flow  caused  by  the  surface  waves  running  in 
different  directions  from  the  mean  velocity.  The  constitutive  relations 
for  the  induced  turbulent  Reynolds  stresses  were  constructed  from  the 
concepts  of  the  "relaxation"  response,  resulting  in  changes  in  the  inten- 
sity and  the  direction  of  the  mean  Reynolds  stresses  due  to  the  surface 
waves.  The  wave  growth  rate  was  calculated,  but  was  still  considerably 
less  than  those  measured  by  Snyder  and  Cox  (1966),  by  Barnett  and 
Wilkerson  (1967),  and  by  Dobson  (1971), 

Closure  models  calculated  in  a transformed  coordinate  system 
were  first  proposed  by  Norris  and  Reynolds  (1975).  Even  for  the  simplest 
quasilaminar  model,  their  results  agreed  satisfactorily  with  their  mea- 
sured induced  pressures.  The  inclusion  of  non-zero  induced  turbulent 
Reynolds  stresses  did  not  significantly  change  the  quality  of  their  pre- 
dictions, They  concluded  that  the  quasilaminar  transformed  coordinate 
models  of  Miles  (1959)  and  of  Benjamin  (1959)  are  entirely  adequate  for 
the  induced  pressure  calculations.  This  conclusion  did  not  claim  that 
the  quasilaminar  transformed  coordinate  model  is  also  adequate  in 
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explaining  the  major  portion  of  the  wave  growth.  Since  the  pressure 
measvirements  of  Norris  and  Reynolds  were  taken  at  the  fixed  wall  of 
their  channel,  whether  the  agreement  can  also  be  achieved  near  the 
flexible  wavy  wall  is  still  unknown.  No  pressure  measurements  at  the 
wavy  wall  were  reportetl  by  Norris  and  Reynolds.  Pressure  iTieasure- 
ments  near  the  interface  in  a wave -follower  system  by  Yu  et  al.  ( 1973) 
had  shown  the  inconsistency  in  the  wave  growth  rate  between  the  ol)- 
served  data  and  the  predicted  results  from  Miles'  theory.  It  is  be- 
lieved that  the  comparison  between  such  observed  and  predicted  quanti- 
ties as  the  induced  velocity  and  the  induced  turbulent  Reynolds  ftresses 
will  provide  a direct  test  of  the  adequacy  of  the  Norris  and  Reynolds' 
model. 

Measuring  the  induced  turbulent  Reynolds  stresses  was  first 
attempted  by  Kendall  (1970),  His  results  suggested  that  the  dynamic 
response  of  turbulence  to  the  imposed  surface  waves  is  significant.  Un- 
fortunately, no  detailed  structure  of  the  induced  turbulent  Reynolds 
stresses  can  be  extracted  from  his  measurements. 

The  induced  turbulent  Reynolds  stresses  were  also  measured  by 
Yu  £t  al,  (1973)  and  by  Chao  (1976)  using  a wave-follower  system 

in  the  Stanford  wind-water  channel.  Data  were  obtained  only  in  the  lower 
portion  (about  one  third)  of  the  turbulent  boundary  layer.  Although  Chao 
e^  a^.  also  measured  the  induced  turbulent  Reynolds  stresses  in  a fixed 
frame,  these  measurements  were  performed  under  different  flow  con- 
dition from  those  of  the  wave-follower  frame,  and  no  direct  comparison 
could  be  made  between  the  two.  Because  of  the  incompleteness  of  the 
wave -following  data  and  the  disadvantage  of  the  fixed  probe  data  as  men- 
tioned in  Section  1.  1,  their  data  could  not  clarify  the  structure  of  the 
wave-induced  flow  fields. 

All  the  closure  models  cited  above  were  phenomenological.  A 
closure  model  using  a dynamical  approach  was  given  by  Davis  (1974). 
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The  novel  aspect  of  his  analysis  is  that  each  averaging  process  is 
delayed  until  the  dynamical  equations  have  been  solved  rather  than 
the  normal  procedure  which  attempts  to  find  equations  for  averaged 
quantities.  The  constitutive  relations  hence  predicted  obey  the  visco- 
elastic law  in  nature  but  require  the  detailed  turbulent  structure,  which 
is  still  absent,  for  further  model  calculations. 

In  Davis'  (1974)  formulation,  the  turbulence  was  decomposed  into 
two  components:  one  was  the  original  undisturbed  turbulent  component, 
and  the  other  was  the  "active"  turbulent  component.  The  active  turbu- 
lent component  is  introduced  by  the  wave  perturbations  and  has  both  the 
wavy  and  turbulent  behaviors;  hence,  the  active  turbulent  component  is 
strongly  correlated  with  the  turbulence  in  producing  the  induced  turbu- 
lent Reynolds  stresses.  In  the  present  study,  the  existence  and  the  rela- 
tive importance  of  the  active  turbulent  component  were  examined. 

The  controlled  air  modulations  were  used  in  the  present  experi- 
ment to  simulate  the  large  scale  motions  of  turbulence  in  interaction 
with  the  surface  waves.  The  modulated  air  flows  in  flat  rigid  wall 
channels  had  been  studied  by  Karlsson  (i959)  and  by  Acharya  and 
Reynolds  (197  5),  The  modulated  air  flows  over  wind-generated  waves 
were  also  investigated  by  Wu  (1973).  Details  of  the  air  modulation  will 
be  discussed  in  Chapter  3. 

1.4  Selection  of  Flow  Conditions 

The  wind-wave  channel  at  the  Stanford  Hydraulic  Laboratory  which 
will  be  described  in  Chapter  4 was  modified  to  produce  air  modulations 
resulting  in  a perturbation  velocity  with  a slug  flow  character.  The 
mean  free  stream  velocity  was  set  at  a low  value  of  2.  4 m/sec  to  give 
relatively  higher  amplitudes  of  the  air  modulations.  For  ease  of  com- 
parison the  frequency  of  the  mechanically-generated  water  waves  was 
chosen  to  be  1 Hz,  the  same  as  that  of  Yu  et  al.  (1973)  and  Chao  et  al. 
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(197t>),  since  their  experiments  were  also  performed  in  the  Stanford 
ch.innel.  The  frequencies  of  air  modulation  were  selected  at  0.  4 Hz, 

0.  7 Hz  and  1.  5 Hz  such  that  the  mechanically-generated  water  wave 
frequency  was  in  the  range  of  the  modulation  frequencies.  All  the  fre- 
quencies selected  here  satisfied  the  long  wave  assumption  used  Ijy  Uavis 
(1974).  Velocity  data  were  collected  in  a transformed  coordinate  sys- 
tem equivalent  to  that  of  Norris  and  Reynolds  (1975),  The  small  ampli- 
tude assumption  of  water  waves  was  also  satisfied  by  setting  the  ampli- 
tude a of  the  mechanically-generated  water  waves  at  Z.  67  cm  to  give 

a value  of  ka  = 0.  1075  where  k = 0.  040Z6  (1/cm)  is  the  wave  tiumber  of 
the  water  wave. 

1.  5 Summary  of  Primary  Conclusions 

In  this  study,  measurements  of  the  velocity  fields  as  well  as  of 
the  Reynolds  stresses  under  the  conditions  with  and  without  air  modula- 
tions were  taken  over  most  portions  of  the  boundary-layer  velocity  pro- 
file e.xcept  those  in  the  immediate  proximity  of  the  interface.  It  was 
found  that  the  mean  velocity  profile  in  the  transformed  coordinate  sys- 
tem is  basically  log-linear  with  a wake  characteristic  near  the  free 
stream.  A constant  mean  shear  stress  was  observed  near  the  lower 
portion  of  the  mean  shear  stress  layer.  The  development  of  the  drift 
current  at  the  interface  iiffected  significantly  on  the  mean  velocity  pro- 
file by  releasing  partially  the  shear  stress  so  that  the  profile  in  the  log- 
linear  plot  has  a lower  slope  and  a higher  intercept  than  measured  for 
the  flow  over  flat  plate. 

At  the  wind  speed  of  this  study,  the  wave  perturbation  motion  was 
found  to  be  irrotational  near  the  free  stream  and  to  have  a strong  shear 
behavior  near  the  interface,  A continuous  shift  of  the  phase  angh  of 
approximately  180°  across  the  boundary  layer  was  observed  for  the 
horizontal  wave  perturbation  velocity.  The  phases  of  the  induced  tur- 
bulent Reynolds  stresses  have  the  same  jump  of  180°  at  an  elevation  in 
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till'  iniddli-  of  the  Ijoundary  layer.  The  experimental  results  showed  that 
the  relationships  between  the  wave  perturbation  velocities  and  the  in- 
duced turbulent  Reynolds  stresses  are  basically  of  eddy  viscosity  type. 

The  energy  balance  of  the  wave  perturbation  field  indicated  that 
most  of  the  energy  transfer  occur  near  the  interface.  Kinetic  energy 
was  drawn  from  the  mean  flow  field  to  the  wave  perturbation  field,  and 
then  from  the  wave  perturbation  field  to  the  turbulence  field  and  to  the 
water  wave  field.  The  energy  transfer  from  wind  to  waves  is  predomi- 
nantly caused  by  the  w-ave  perturbation  pressure.  The  induced  turbulent 
Reynolds  stress  transfer  energy  from  the  waves  to  the  wind,  but  they 
are  relatively  insignificant.  The  turbulence  enhances  the  energy  trans- 
fer by  the  wave  perturbation  pressure,  by  changing  the  structure  of  the 
viscous  critical  layer.  The  rate  of  energy  transfer  from  wind  to  waves 
in  this  study  agrees  with  that  measured  by  Dobson  (1971),  and  is  one 
order  in  magnitude  greater  than  Miles'  prediction  (1957). 

The  effect  of  the  air  modulation  on  the  wave  perturbation  was  esti- 
mated and  shown  to  be  important.  The  air  modulation  effect  consisted 
of  two  parts:  one  produced  from  the  direct  coupling  between  the  com- 
ponents of  air  modulation  and  wave  perturbation,  and  the  other  produced 
from  the  indirect  changes  in  the  behavior  of  the  correlation  of  the  back- 
ground turbulence  and  the  wave  perturbation.  Both  are  of  equal  impor- 
tance. An  interesting  difference  in  the  behavior  of  the  response  of  wave 
perturbations  to  the  additional  air  modulation  was  observed  between  the 
modulating  frequencies  which  lie  below  and  those  which  lie  above  the 
frequency  of  the  mechanically-generated  water  waves.  Further  studies 
are  needed  to  clarify  this  difference. 

Some  theories  in  wave  perturbations  and  in  their  interactions  with 
the  air  modulations  were  developed  in  both  the  fixed  coordinate  system 
and  the  transformed  coordinate  system  in  this  study.  The  results  have 
greatly  clarified  the  ambiguity  of  the  interface  boundary  conditions  in 
the  classical  fixed  coordinate  analysis  to  the  transformed  coordinate 
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analysis.  The  concepts  and  the  philosophy  of  Davis  (1974)  are  rein- 
forced and  extended  in  the  present  analysis. 


CHAPTER  Z 


t. 


T?lEORETICAL  ASPECTS  OF  WAVE  F’ERTURRATIONS 


2,  1 Averaging 

Since  randomness  is  one  of  the  most  important  features  of  tur- 
bulence, the  discussion  of  turbulent  flows  is  usually  conducted  entirely 
in  terms  of  statistical  quantities.  The  time  average  g(x)  of  a flow 
quantity,  g(x,t),  is  defined  conventionally  as 

T/2 

g(x)  = lim  / g(x,  t)dt  (2.  1) 

T-.00  -T/2 


Practically,  this  average  is  obtained  from  a very  large  ensemble  of 

g(x,t  ) which  are  sampled  at  different  times  t . If  g(x,  t)  is  stationary, 
— n n — 

g(x)  does  not  depend  on  the  starting  time  of  averaging  and  can  be  ob- 
tained by  choosing  a sufficiently  large  value  of  T or  by  sampling  a suf- 
ficiently large  ensemble  such  that  no  change  in  g’(x)  is  found  by  a further 
increase  in  T or  in  the  size  of  the  ensemble.  For  a sampling  process 
with  a constant  sampling  interval  At,  t = nAt  and  a digital  expression 
equivalent  to  (2,  1)  is 


g(x) 


lim 

N-kx) 


_] 

2N+1 


g(x,  nAt) 


(a.  2) 


where  T = (2N+l)At  is  applied. 

When  g contains  periodic  oscillations  as  are  considered  in  this 
study,  a conditional  average  of  g,  called  the  "phase  average"  and  de- 
noted by  (g^  , is  defined  by 


(g(x, t)) 


lim 

N-<d 


J 

2N+1 


N 


E 

n=-N 


g(x,  t+nr ) 
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(2.  3) 


where  ^ is  the  period  of  the  organized  oscillation.  The  organized 
wave  component  of  g,  denoted  by  is  defined  by 

■g  = fg  i (^1.  4) 

It  is  then  possible  to  decotTipose  an  arbitrary  random  signal  g into 
three  different  components,  viz.  , 

g(x,  t)  = ■g(x)  + 'g(x,  t)  + g'(x,  t)  (2.  5) 

The  new  component  g'  in  (2,  5)  is  the  background  fluctuation  around  the 
phase  average  <g).  Figure  2.  1 shows  the  schematic  of  the  averages. 
The  following  relations  easily  follow; 


g = 

0 , 

<g' ) = 0,  g'  = 

0 

(2.  6a, b, c) 

<g' 

~ g» 

<g)  = g 

(2.  6d, e) 

g^ 

= gh. 

<gh)  = g(h). 

Cgh)  = g<h> 

(2.  7a,b,c) 

gh' 

= 0. 

^gh’>  = 0 

(2.  7d,e) 

where  h has  the  same  form  as  g in  (2.  5). 

Comparison  of  (2.  2)  and  (2,  3)  shows  that  during  digital  processing 
the  time  average  and  the  phase  average  are  very  similar  except  for  the 
difference  in  choosing  At  and  t , the  intervals  between  two  consecutive 
samples.  Since  in  (2,  3)  every  two  consecutive  samples  are  separated 
by  an  interval  equal  to  the  period  of  the  periodic  oscillation,  the  value  of 
t,  0 <t  < T , represents  different  phases  of  the  oscillation.  If  in  (2.  3) 
the  interval  of  two  sequential  samples  were  mr  instead  of  j,  where  m 
is  an  integer  greater  than  1,  the  results  of  the  phase  average  are  not 
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chanpf'd  as  lonu;  .is  the-  process  is  stationary  and  the  size  of  ensernijle 
is  large  enough.  This  property  should  be  clear  since  the  multiplication 
of  T by  m does  not  change  the  phase  of  the  sample.  On  the  other  hand, 

I this  also  implies  that  (Z.  3)  contains  all  the  information  of  harmonic 

oscillations  with  period  equal  to  t /m. 

The  similarity  of  (Z.  Z)  and  (Z.  3)  also  suggests  that,  in  order  to 
yield  a meaningful  time  average,  the  sampling  interval  At  in  (Z.  Z) 
should  be  carefully  selected  not  equal  to  the  periods  of  organized  oscilla- 
tions. This  condition  is  usually  fulfilled  by  using  a sufficiently  small 
value  of  At  (or  low  pass  filtering  the  signal)  so  that  there  are  no  signifi- 
cant organized  oscillations  with  period  shorter  than  At.  (Actually,  the 
frequency  band  limit  of  the  signal  should  be  l/(ZAt),  as  discussed  in 

Chapter  4,  when  the  alaising  problem  is  considered,  ) 

i 

» 

Z.  2 Generalized  Definitions  of  Organized  Waves 

13ecause  averaging  is  equivalent  to  finding  the  expectation  in  prob- 
ability theory,  the  organized  wave  defined  in  (Z.  4)  can  be  regarded  as 
the  difference  of  the  conditional  (phase  average)  and  unconditional  (time 
average)  expectations  of  the  first  moment.  The  concepts  of  an  orga- 
nized wave  then  can  be  generalized  by  the  following  definitions:  A quantity 
g of  interest  is  said  to  contain  an  moment  organized  wave  of  period 
T if  there  exists  a positive  integer  n such  that  the  n ^ power  of  g has 
different  phase  and  time  averages,  i.  e.  , 

(g"(x,  t)>  i : (2.8) 

’ the  lowest  integer  n to  result  in  (2.  8)  is  defined  as  the  degree  of  con- 

I tent;  and  g is  called  as  an  n-degree  wavy  quantity  associated  with  period 

I T . Hence,  a quantity  g is  said  to  contain  no  organized  wave  of  period  r 

if  the  following  relation  is  satisfied  for  all  positive  integer  n: 
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U.  9) 


\g 


n , n 

> = p 


The  moment  organized  wave  component  of  g,  denoted  by  g , can  be 

n 

defined  as  the  difference  of  the  phase  and  time  averages  of  g , i.  e.  * 


n n n 

g = (g  ) - g . 


U.  10) 


til 

And,  similarly  for  two  quantities  g and  h,  the  (m+n)  joint  moment 
organized  wave  g h^  is  defined  as 


m n , m n . m,  n 

gh  =(gh)-gh 


(2.  11) 


Accordingly,  the  decomposition  of  g'^h'^  is  generalized  to 


g'^h"  = g"\."  + g^"  + (g%")' 


(2.  12) 


2.  3 Governing  Equations 

The  continuity  and  momentum  equations  governing  the  flowfield, 
after  normalization  by  the  characteristic  velocity  and  the  charac- 

teristic length  6,  are 


3u.  9u. 

ot  1 OX. 

J 


1 

Re  8x.0x. 
J J 


(2.  13) 


(2.  14) 


where  the  incompressibility  and  the  Newtonian  viscous  behavior  of  the 
fluid  are  presumed.  The  value  Re  in  (2.  13)  is  the  well-known  Reynolds 
number  defined  as 


U 6 
00 


(2.  13) 
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where  V is  the  kinematic  viscosity,  is  generally  referred  to  as 

mean  free  stream  velocity  of  boundary  layer  flow  and  6 is  the  bound- 
ary layer  thickness.  In  a fully  developed  channel  flow,  is  the 

channel  centerline  mean  velocity  and  6 is  equal  to  — H where  H is 
height  from  the  mean  water  level  to  the  roof  of  the  channel.  The  time 

scale  and  the  pressure  scale  used  in  the  normalization  are  6/U  and 
^ oo 

oU  respectively. 

^ oo 

Decomposing  u.  and  p in  a way  similar  to  g in  (Z.  5),  we  have 

u.  = u.  + u.  + u!  (Z.  I6a) 

1111 


and 


P = P + P + P' 


(Z.  16b) 


Substituting  (Z.  I6a,b)  into  (Z.  13)  and  (Z.  14)  and  taking  time  averages, 
v/e  find  that  (Z.  13)  and  (Z.  14)  reduce  to 


(2.  17) 


9u. 


u 


1 


1 


9x.9x. 
J J 


— ( u.  u.  + u!  u!)  (Z.  1 8) 

9x.  1 . J 1 j 

J 


If  the  phase  average  is  taken  before  the  time  average  and  the  time  aver- 
aged equations  are  substracted  from  the  phase  averaged  equations, 
using  (Z.  10)  and  (Z.  1 1)  we  have 


9u. 

^ = 0 (Z.  19) 

9x. 
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9u. 

1 

Ou. 

9u, 

4-  n ^ 

9t 

^ a 

J ox. 

) 

■t  U. 

1 9x. 
J 

= - ^ + 

1 ^'^i 

3x. 

1 

Re  9x.9x. 
J J 

C3.U.)  - 7^  (u!u!) 

9x.  1 j ox.  1 j 

J J 


Now,  (2.  19)  and  (2,  20)  describe  the  motion  of  the  w'ave  perturbation 
fields  which  are  of  main  interest  in  this  study.  In  (2.  20)  the  quantities 


u.u.  = (u.u.)  - u.u.  = u.u.  - u.u. 
1 J 1 J 1 J 1 J 1 J 


(2.  2 1a) 


are  quadratic  and  are  usually  discarded  in  the  linear  analysis  (we  dis- 
carded them  here).  The  tern- 
closure  problem,  is  given  by 


carded  them  here).  The  term  u.'u'.  , the  main  stumbling  block  in  the 

1 J 


u.'ul  = (u.'u!)  - u)u!  , (2.2  1b) 

1 J 1 J 1 J 

and  is  also  specially  denoted  as  r..  in  the  report  of  Hussain  and  Reynolds 
(1970),  To  avoid  confusion,  wc  will  also  use  the  same  notation;  (2.  20) 
then  can  be  read  as 

9u.  911.  9u. 

1 . “ 1 . ~ 1 _ 

9t  J 9x.  J 9x. 

J J 

The  coordinates  x.  are  Xj  = x in  the  direction  of  the  wave  propa- 

gation, = y in  the  vertical  direction  upwards  and  normal  to  the  mean 
water  level,  and  x^  = z in  the  lateral  direction  parallel  to  the  wave 
front.  The  air  flows  in  the  x direction,  and  the  resulting  channel  flow 
is  assumed  fully  developed  or  nearly  fully  developed  so  that  the  mean 


d 

9x 


_L 

Re  9x.9x. 
J J 


9r , 


9x. 

J 


(2.  22) 
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flow  can  t>e  regarded  as  parallel.  The  wave  perturbations  are  also 
assumed  two  dimensional  (x,y).  Under  these  assumptions,  the  velocity 
u.  is  expressed  as 


u,  = (U(y)  + u(x,y,  t)  + u'  , v(x,  y,  t)  + v',  w') 


(2.  23) 


and  the  pressure  perturbation  p is  a function  of  x,  y,  and  t only. 
Equations  (2.  19)  and  (2.  22)  are  then  reduced  to  simple  forms  and  are 
written  explicitly  as 


9x  9y 


0 


(2.  24) 


9u 

9t 


+ 


^ + _L  . !lii 

9x  Re  \ 9^2  gy2)  9x 


^ TT^  ^ ^ + _L 

9t  9x  ~ 9y  ay^) 


9y 


(2.  25) 


(2.  26) 


Since  there  are  only  three  equations  with  six  unknowns  u,  v,  p, 
^11’  ^12'  ^22'  P^°P®^  closure  relations  for  r_  and  suitable  bound- 

ary conditions  for  u,  v,  p,  and  r. . are  required  in  solving  the  system 
of  equations.  The  quasilaminar  model  is  obtained  by  putting  r_  = 0. 
Furthermore,  neglecting  the  viscous  effect  by  asumptotically  letting 
Re  ^ oo  will  yield  the  well-known  inviscid  model  of  Miles  (1957),  Models 
with  non-zero  7. . are  generally  referred  to  as  turbulent  models. 


2.  4 Expressions  for  Travelling  Waves 

The  displacement  rj  of  the  water  surface  from  its  mean  equilibrium 
position  is  assumed  sinusoidal  with  a travelling  wave  property,  and  is 
expressed  as 
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Tj(x,t)  = a • cos(kx- ut)  {Z.  Z7a) 

= • fa  • + conjugate  ] (Z.  Z7b) 

where  a is  the  wave  amplitude, 

k is  the  wave  number  = Ztt  /L  , (Z.  Z8a) 

i,.'  is  the  circular  frequency  = Zfff  = ZTT/t  , (Z.  Z8b) 


and  L,  f,  and  t are  wave  length,  wave  frequency  (Hz)  and  wave  period 
respectively.  When  the  wave  amplitude  is  finite,  the  non-linear  effect 
on  the  water  wave  usually  produces  harmonic  modes  resulting  in  a non- 
sinusoidal  wave  form  called  "Stokes  waves".  (Lamb  193Z,  art.  Z50). 

In  (Z.Z7a)  the  small  amplitude  assumption,  ka  ^*'1,  is  invoked  so  that 
the  Stokesian  harmonic  modes  are  neglected. 

Since  the  air  flow  perturbations  are  associated  with  the  water 
surface  displacement,  -q  is  used  as  a reference  signal  to  estimate  the 
phase  lags  of  other  wave  quantities.  Accordingly,  the  origins  of  x and 

/Nat 

t in  (Z.  Z7a)  are  properly  selected  to  give  X)  a zero  phase.  When  T)  is 
given  by  (Z.  Z7a),  the  velocity  perturbations  are  then  represented  by 


u.  (x,  y,  t)  = j u.  (y)j  • cos(kx  - wt  + 6.^^  ) + harmonic  s (Z.  Z9) 

i 


where  | *^  1 1 amplitude  and  the  phase  lag  angle  with 

respect  to  time  of  the^  fundamental  mode  of  u^.  The  harmonics  in  (Z.  Z9) 
are  now  primarily  produced  from  the  non-linear  effect  described  by  the 
convective  terms  in  the  Navier-Stokes  equations.  We  have  assumed 
that  the  wave  perturbations  are  small  such  that  '^■^1:  hence, 

the  harmonics  in  (Z,  Z9)  are  again  negligible  because  they  are  of  higher 
order  in  | u.  | /U.  This  negligibility  of  harmonics  also  applies  to  other 
wave  perturbation  quantities,  such  as  p and  , so  that  the  linear 
analysis  is  feasible.  The  wave  perturbations  are  then  generally  denoted 
by 


ZO 


g(x,y,t)  = 1 g (y)|  • cos(kx  - ut  + 90 

& 


1 r . i(kx-ut)  , • 4.  T 

= jLg(y)-e  + conjugate  J 


where  g (y)  is  regarded  as  a complex  number,  + iB^  , 

6 o 

2 2 1/2 

I g(y)  I amplitude  = (A,^  + B^)  , ( 

8 8 

and  is  the  phase  lag  of  g with  respect  to  TJ,  6~=  tan  ( 

8 ® g 

Substituting  (2.  31)  into  (2,  24),  (2.  25)  and  (2.  26)  and  denoting 

— by  D and  ^ by  c,  the  wave  celerity,  we  have 
dy  k 


iku  + Dv  = 0 , 


1 Z Z A 

ik(U-c)u  + (DU)v  = -ikjS  + — (D  -k  )u  - ikf^  ^ 


ik(U-c)v  = -Dp  + ^ (D^-k^)v  - ^*ZZ  ' 


The  wave  stream  function  ^(x,  y,  t)  is  defined  as 


~ by  ’ ■ 8x 


so  that  the  continuity  equation  (2.  24)  is  automatically  satisfied.  In 
terms  of  the  wave  expression,  (2.  37a, b)  change  to 

u = , V = -ik^  . ( 


Introducing  (2.  38a, b)  into  (2.  35)  and  (2.  36)  and  eliminating  p from  the 
resulting  equations,  we  obtain 


- > 


kL(U-c)  . (D‘^-k‘^)  - l/u]«  = (D'^-k‘^)‘^^  - kD(f  - r%  J 

Re  1 1 Zc 

+ ilD*^ 

When  f . . = 0,  (2,  39)  reduces  to  the  Orr-Sommerfeld  equation  usually 
encountered  in  the  theory  of  hydrodynamic  stability. 

2.  5 Boundary  Conditions 

For  channel  flow  the  no  slip  condition  at  the  roof  gives  u = v = 0. 
Hence, 


^ = 0 I 

i 

= 0 ' 


at  y = H 


(2.  40a, b) 


When  the  channel  height  H of  the  air  flow  portion  is  sufficiently  large, 
the  no  slip  condition  at  the  roof  is  automatically  replaced  by  the  expo- 
nentially decaying  property  of  the  wave  perturbations  which  also  re- 
sults in  u = v = 0 as  y-«  oo.  The  value  H in  (2,  40a,  b)  is  now  normalized 
by  the  boundary  layer  thickness  6 so  that  (2,40a,b)  can  describe  the 
upper  boundary  conditions  for  flows  with  either  finite  or  infinite  heights. 
Thus,  H = 2 when  the  channel  flow  is  fully  developed. 

At  the  iaterface,  the  high  ratio  of  water  density  to  air  density  and 
the  surface  tension  effect  prevent  mixing  between  the  air  and  the  water 
when  the  air  velocity  is  not  too  high,  as  considered  in  the  present  in- 
vestigation, The  no  slip  condition  also  applies,  i,  e.  , the  air  molecules 
adhere  to  those  of  interface  water,  which  is  moving  with  a circular- 
orbit  due  to  the  deep  water  wave  motion  and  with  a velocity  in  the  down- 
stream direction  due  to  the  drift  current.  The  drift  current  consists  of 
the  wave-associated  drift  current  and  the  wind-induced  drift  current 
which  usually  is  predominant.  The  interaction  between  the  water  wave 
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and  the  drift  current  is  assumed  to  be  weak  so  that  the  linear  and 
orbital  motions  are  regarded  as  independent  and  superposable.  Accord- 
ingly, the  interface  boundary  conditions  are  given  by 

at  y = 7J  (2.  4 la,  b) 

(2.  4 la, b)  are 

at  y = (2.  42a,  b) 

The  dependence  of  the  interface  boundary  conditions  on  T) 
profoundly  handicapped  the  theoretical  treatment  of  the  problem.  To 
circumvent  this  handicap,  either  of  the  following  procedures  is  necossarv; 

(1)  Transformation  of  the  boundary  conditions  from  y = p to  the  mean 
water  level  y = 0.  (Miles  1957;  Davis  1970,  1972;  Townsend 
1972) 

(2)  Transformation  of  the  entire  problem  into  a new  coordinate  • 
such  that  both  the  upper  and  the  lower  boundaries  are  fixed  rel  itiv<- 
to  the  new  coordinates.  (Miles  1959,  Benjamin  1959,  Norris  and 
Reynolds  1975,  Gent  and  Taylor  1976) 

The  second  procedure  is  chosen  in  the  present  study  because  it  leads  to 
less  ambiguity. 

2.  6 Transformation  into  Moving  Coordinates 

The  difficulty  of  the  interface  boundary  conditions  is  overcome  by 
using  the  following  coordinate  transformation. 


= -1^  + 

9t  9x 


u = kc  TJ 


In  terms  of  the  wave  expression. 


i = (c-U)a 
= cka 
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t*  = t 


X*  = X (2.  43a, b, c) 

y*  = y - f(y*)  • T) 


The  function  f(y*)  is  defined  such  that 


f(0)  = 1 and  f(H)  = 0 


(2.  44a, b) 


The  expression, 


f(y*) 


sinh(kH  - ky*) 
sinh(kH) 


(2.  45) 


I 

I 

I 


satisfies  the  requirements  (2.  44a,b)  and  results  in  an  exponentially- 
decaying  form  which  resembles  that  used  by  Benjamin  (1959)  when 
H oo.  The  coordinate  transformation  given  above  is  one  to  one  but  is 
not  orthogonal.  Figure  2.  2 shows  the  lines  of  constant  y*  in  physical 
space. 

For  some  quantity  g of  interest,  we  have,  from  the  chain  rule  for 
partial  derivatives. 


8g  _ 9t*  ^ 9jg^  9x*  9g  ^ 9y* 

9s  9t*  9s  9x*  9s  ^ 9y*  9s 


(2.  46) 


where  s can  be  t,  x,  or  y.  The  values  of  — , t — , and  ^ are  found 

os  os  ds 

from  the  transformation  relations  (2.43a,b,c),  The  result  expressions 
are 


9y* 


is.  - is.  f is  is. 

if  - if*  if*  if* 


(2.  47a) 


is  = is  . f.  is.  ^ 

9x  9x*  9x  9y* 


(2.  47b) 


■4 


I 

1 


= ^ /{ 

9 f ~ . 

1 + — • n ) 

9y 

9y^:=  ' 

9y=:= 

7 

> 

- 

- f . ^ . 

is 

- 2f- 

M. 

9x^ 

9x* 

9x‘^ 

9y* 

9x 

r\  2. 

(f  ^ 

) 

9y  * 

' 9y* 

/ 

z 

2 

2 

- ^ 

- 

^ . 

9 f 

9y^ 

9y=N^  ' 

f/ 

9y  * 

9y*' 

1 + 


9 f 

9y='^ 


•T? 


(2.47c) 


(2.  47d) 


(2.  47e) 


Before  transforming  the  governing  equations  of  flow  motions,  it  is 
now  assumed  that,  in  the  new  (x*,  y*,  t*)  coordinate  system,  the  mean 
flow  follows  lines  of  constant  y*,  the  wave  p>e rturbations  are  two  dimen- 
sional and  function  of  x*,  y*,  and  t*  only,  and  the  linear  analysis  is 
still  valid.  Applying  (2.  47a,  b , c , d,  e)  to  the  Navier-Stokes  equations 
(2.  13)  and  (2.  14),  substituting  the  three-component  decompositions 
generally  given  by  g = G + ^ + g'  into  the  resulting  equations  (G  is  the 
time  average),  taking  the  time  averages,  and  discarding  the  terms  with 
0(T)^)  or  higher  yields  the  mean  flow  equations,  in  the  (x*,  y*,  t*) 
system. 


9P  ^ / J_  _ 9U 

9x*  9y*  \ Re  9y* 


') 


(2.48) 


9P 

9y* 


(2.49) 


Equations  (2.  48)  and  (2.  49)  are  identical  to  the  mean  flow  equations  in  the 
(x,  y,  t)  system;  however,  the  physical  interpretations  are  different  be- 
cause of  the  different  assumptions  made  and  the  different  physical  (geo- 
metrical) positions  where  the  mean  quantities  are  evaluated.  Equation 

(2.49)  suggests  that  the  mean-pressure  gradient  in  the  x*  direction  is 
9P 

constant,  i.  e.  , — * = constant.  (See  similar  discussion  in  Section  3.  3b.) 

OX^ 

25 


■4 


If  the  phase  averages  are  taken  before  the  time  averages,  the  dif- 
ference between  the  phase  averaged  and  the  time  averaged  equations 
gives  the  wave  perturbation  equations: 

Continuity  Equation: 


9u  9^  9U  97 

9x*  9x  9y*  9y* 


(2.  50) 


x-Momentum  Equation: 

^ .f.  95.  ^ 9U 

9t*  9t  9y*  \9x*  9x  9y*/  9y* 


9T)  a 


9f 


9x*  ^ ^ 9x 

9y* 

Re 

9x*^ 

■'*  9x^ 

?.  ^ 

Agft  - 

9^U 

9^f 

9y* 

• 7) 

9y*^ 

9y*^ 

^ 9y* 

9y.^ 


(2,  51] 


y-Momentum  Equation: 


^ + U-  ^ ^ 

9t*  9x*  9x* 


9r 
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^ 9f_  _ ^ 1 _ 

9y*  9y*  ^ 9y*  Re 


9 v ^ V v 


2 2 
9x*  9y* 


(2.  52) 


In  (2.  50),  (2.  51)  and  (2.  52),  the  terms  with  Tf  are  inhomogeneous 
terms  because  they  are  known  quantities  when  the  mean  flow  and  the 
water  wave  are  predescribed.  Equations  (2.  50),  (2.  51),  and  (2.  52)  are 
essentially  equivalent  to  those  used  by  Norris  and  Reynolds  (1975).  The 
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appearance  of  the  inhomogeneous  terms  in  these  equations  has  compli- 
cated computations  employing  them.  To  simplify  these  equations,  the 
physics  of  the  flow  in  the  transformed  coordinate  system  was  reexamined. 

When  the  control  volume  shown  in  Fig.  Z,  3 was  considered,  the 
continuity  equation  obtained  by  balancing  the  inflow  and  outflow  is 


V ) 


9u  ^ 9_v 
9x*  9y* 


9u  9_TJ  dw 

9y=:'‘  9x*  9z  " 


(2.  53) 


8 w 

The  term  — in  (2,  53)  is  the  net  flow  rate  in  z-direction  and  was  not 
9z 

shown  in  Fig.  2.  3.  llie  negative  term  in  (2.  53)  is  produced  by  the  hori- 
zontal flow  crossing  the  upper  and  lower  boundaries  of  the  control  vol- 
ume. If  the  decompositions  given  in  (2.  23)  are  substituted  into  (2.  53) 
and  the  components  of  organized  oscillations  are  extracted,  we  have  an 
equation  which  is  identical  to  (2.  50).  This  control  volume  analysis 
shows  that  the  negative  inhomogeneous  term  in  (2.  50)  comes  from  the 
negati/e  term  in  (2.  53).  This  inhomogeneous  term  is  consequently  the 
result  of  the  non-orthogonality  of  the  (x*,  y*,  t=^)  system  which  does 
not  align  with  the  v.<rthogonal  u,  v components.  However,  if  the  inhomo- 
geneous term  is  combined  with  the  homogeneous  term  to  result  in  the 
following  transformations. 


u* 


u - f • T)  ■ 


9U 

9y* 


7*  = 


(2.  54a, b) 


then  (2.  50)  reduces  to 


9u^*  9v’’' 

9x*  9y* 


(2.  55) 


Equation  (2,  55)  indicates  that  the  transformed  velocities  u*,  v*  in  the 
X*,  y*  coordinate  system  satisfy  the  identical  continuity  equation  as  u, 
v in  a Cartesian  coordinate  system.  Transformations  similar  to 


27 


{1.  54a,  b)  for  ^ and  r”. . are  found  to  be 


p=:= 


= p - f • T?  • 


8P 

3y* 


r.  , - f • T]  ■ — Ju.'ul) 
ij  Oy-  1 j 


(Z.  56) 
(Z.  57) 


Using  (Z.  48)  and  (Z.  49)  and  applying  the  transformations  (Z.  54),  (Z.  56) 
and  (Z.  57),  equations  (Z.  51)  and  (2.  52)  then  reduce  to 


3u- 


911='=  9U  9p'!' 

+ v"'  — . = - + 


9x='= 


9y=l: 


9x*  R 


L ( '» 

^ 9X.^  9y.^  ' 


9 r 9 r 

11  12 

9x=’'  9y* 


(2.  58) 


9v-'= 

9t"= 


+ U 


9^* 

9x* 


9p*  J_  /.9_^  9“v*\  12 

■ 9y*  ^ Re  \ g^^Z  ' 9x=:=  ' 9y'-^ 


2. 

9y=l 


9rr,  9r=J^ 


(2.  59) 


A transformed  stream  function  can  be  similarly  defined  (cf,  , (2,  37a,  b)) 

to  combine  (2.  58)  and  (2.  59)  into  an  equation  which  is  identical  to  (2.  39) 

except  D is  replaced  by  D=’'  = , i,  e,  , the  transformed  stream  func- 

dy’’' 

tion  is  defined  as 


9<i* 


9<5’! 


= -r-r  . v=''  - a 

9y-''  9x*' 


(2.  60a, b) 


and  the  combined  equation  in  terms  of  the  wave  expression  is 


k.  [(U-c)  . (D>;=^-k^)-  D=:=‘^U]^=:'  = - 

Re 


- kD*(f|j 


(2.  61) 
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l-^quritioiis  (J..  SS),  {Z.  “58),  (Z.  59)  and  (Z.t>\)  have  the  identical  forms  as 
equations  (Z.24),  (2.  Z5),  (Z.  Zb)  and  (2.39),  respectively.  So,  ui*,  'v-'-, 
p='  and  r”:'-.  in  the  x'-'%  y^-  coordinate  system  are  equivalent  to  u,  'v,  p 
and  r”.  . in  the  rectangular  Cartesian  coordinate  system.  Details  of 
this  arc  presented  in  Chapter  6. 

The  transformation  of  the  wave  perturbation  fields  implies,  at  the 
same  time,  the  transformation  of  the  interface  boundary  conditions. 
Using  (2.  54a,  b)  and  (2,  60a,b),  the  boundary  conditions  are  now  trans- 
formed into 


= 0 
= 0 

and 

= (c-U)a 
= cka  - aD='=U 


at  Y*  = H 


at  y*  = 0 . 


(2.  62a, b) 


(2.  63a,  b) 


Equations  (2.62a,b)  and  (2.63a,b)  are  the  same  forms  as  those  boundary 
conditions  obtained  by  the  transformation  of  the  boundary  conditions  using 
procedure  1 mentioned  in  Section  2,  5 for  the  untransformed  coordinate 
system.  (See  Saeger  and  Reynolds  1971,  p,  13.) 

A 

Because  ^-l-'(y='')  in  the  (x='',  y*,  t*)  system  has  the  identical  forms 


of  governing  equation  and  boundary  conditions  as  those  for  ^(y)  in  the 

A 

(x,  y,  t)  system,  the  same  results  should  be  obtained  for  ^*(y*)  and 
«5(y)  if  the  same  mean  velocity  profile  and  the  same  closure  relations 
are  used  in  the  model  calculations.  Consequently,  the  numerical  results 
of  u*,  V-'',  p='=,  and  7*^  in  the  (x*,  y*,  t*)  system  will  be  identical  to 
those  of  u,  V,  p,  and  in  the  (x,  y,  t)  system.  However,  the  physical 
interpretations  of  these  t^o  sets  of  predicted  quantities  are  different. 
First,  when  the  same  mean  velocity  profile  is  used,  U is  assumed  to 
be  parallel  to  x in  the  (x,  y,  t)  system  so  that  the  mean  velocity  is 
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constant  .ilong  a horizontal  line  of  constant  y:  Imt,  in  ttn-  (>:  . y , t ) 
system,  I’  is  still  the  Cartesian  horizontal  mean  velocity  Iml 
constant  along  an  undulating  curve  where  y ■'  is  constant.  Similarly, 
when  the  same  forms  of  closure  relations  are  used,  the'  flott  propi- rties 
associated  with  the  closure  relations  in  the  (x*,  y ' , f ) system  are  re- 
garded to  he  dependent  on  the  measuring  height  y'-''  above  the  instan- 
taneous wave  surface;  however,  in  the  (x,  y,  t)  system,  those  flou 
properties  are  regarded  to  be  dependent  on  the  height  y above  the  mean 
water  level. 

•Secondly,  in  the  (.x,  y,  t)  system,  the  velocities  u(x,  y,  t)  and 
v(x,  y,  t)  are  Cartesian  velocities  which  describe  the  actual  oscillations 
of  air  particles  .around  the  mean  velocity  U(y)  and  are  evaluated  at  fixed 
elevation  y;  but,  in  the  (x-',  y*,  C')  system,  although  "ulx  -,  y , t-)  and 
v(.x  '',  y-' , t''0  are  also  Cartesian  velocities,  they  descrilie  the  actual 
air  particle  oscillations  around  the  mean  velocity  U(y  ')  and  are  ev.alu- 
ated  at  constant  y=’S  The  velocities  u=!=(x='‘,  y='',  t*)  and  v='dx-'S  y-',  t ' 1 are 
related  to  il(x*,  y'',  t*)  and  v(.x=’ , y ' , t='0  through  the  transformation  de- 
fined in  (Z.  54a,  b).  Little  physical  interpretations  can  be  made  from  li  ' 
and  V'-''  because  il=''  and  v=’'  do  not  describe  the  actual  oscillations  of  air 
particles.  These  arguments  also  apply  to  other  wave  perturbation 
quantities  such  as  the  induced  pressure  wave  and  the  induced  turbulent 
Reynolds  stresses. 

Thirdly,  the  interface  boundary  conditions  for  the  (x,  y,  t)  system 
are  obtained  by  transforming  the  boundary  conditions  from  y = TJ  to 
y = 0 using  the  Taylor  series  expansion.  This  extrapolation  from  y = 7) 
to  y = 0 is  very  ambiguous  when  Tj  > 0 such  that  y = 0 is  below  the 
water  surface  where  no  air  flow  exists.  (.See  more  insights  to  this 
point  in  .Section  6.  Z.  ) On  the  other  hand,  the  interface  boundary  condi- 
tions (id.  63a, b)  are  obtained  by  transforming  the  wave  perturbation 
velocities  u(x*,  y=t-,  V'')  and  v(x-',  y-'\  t*)  to  u-  (>  ’ , y=l-',  t-'O  and  v-  (x*,  y='-',  t '=) 
so  that  the  boundary  conditions  are  still  described  exactly  at  the  inter- 
face by  (Z,63a,b).  It  should  be  emphasized  that  the  transformation  of 
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boundary  conditions  iiy  Taylor  series  expansion  is  only  valid  for 
infinitesimal  waves.  For  small  amplitude  waves,  the  series  expansion 
method  is  usually  not  valid  when  the  wind  speed  is  high,  because  the 
wave  amplitude  is  not  small  relative  to  the  thickness  of  the  air  flow 
diffusion  layer  where  the  mean  velocity  varies  drastically  within  a 
distance  much  less  than  the  wave  amplitude.  This  is  a substantial 
limitation  to  the  application  of  the  extrapolation  scheme  which  employs 
the  series  expansion.  In  the  (x*,  y*,  t*)  system,  the  boundary  condi- 
tions obtained  by  the  wave  perturbation  field  transformation  do  not  havi' 
this  limitation  and  apply  more  generally  to  small  amplitude  waves.  It 
^ is  seen  that  the  ambiguity  about  the  physical  meanings  of  flow  quantities 
near  the  interface  (below  the  wave  crests)  is  the  common  disadvantage  in 
using  the  fixed  coordinate  system.  (See  the  detailed  discussion  in 
Section  6.  Z.  ) 

In  the  (x*,  y*,  t*)  system,  once  the  closure  relations  for  r.  . 

(x=^,  y*,  t*)  are  specified,  (Z.  57)  can  be  used  to  obtain  the  closure  rela- 
tions for  ?*  . The  boundary  conditions  for  r"*.  can  be  obtained  in  the 
ij  ^ 

same  way  after  describing  the  boundary  conditions  for  r,  .(x*,  y=l',  t*). 

^ I 

The  quantities  u*,  v*,  r*  , and  then  can  be  calculated  from  the 

ij 

equations  (Z.  59),  (Z.  60a,b)  and  Z.  61),  closure  relations,  and  their 
boundary  conditions.  Consequently,  u,  v,  p,  and  r_  in  (x*,  y*,  t*)  can 
be  evaluated  from  (Z.  54a,  b),  (Z.  56)  and  (Z.  57).  It  should  be  emphasized 
that  the  wave  perturbation  data  measured  in  the  fixed  coordinate  system 
are  not  comparable  to  the  quantities  so  predicted  because  of  the  differ- 
ences in  the  physical  interpretations  between  flow  quantities  in  the  (x*, 
y*,  t*)  and  the  (x,  y,  t)  systems  as  mentioned  above.  (Actually  the  mea- 
sured and  predicted  results  at  the  fixed  wall  of  the  channel  are  still 
comparable  because  there  the  wave  perturbation  quantities  are  inde- 
pendent of  the  coordinate  systems  used. ) 

According  to  (2.  57),  a homogeneous  closure  model  for  r.^  in 
(x*,  y*,  t*)  will  result  in  an  inhomogeneous  closure  model  for  . A 
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ciu.'isilaininar  model  with  r..(x='S  y=’',  = 0 in  the  (x*,  y-'=,  t ) system 

should  predict  u-’y  v'y  and  p-'-  to  have  the  same  values  as  "u,  v,  and  p 
predicted  by  the  model  using  the  inhomogeneous  closure  relations 


a 


given  by  ? .(x,  y,  t)  - {•  T)’  u!u!  in  the  (x,  y,  t)  system.  The  trans- 
ij  9y  1 J 

formed  coordinate  ciuasilaminar  model  of  Norris  and  Reynolds  (197S), 
which  predicted  satisfactorily  the  pressure  wave  perturbations,  implied 
the  use  of  the  closure  relations 


0. 


~ i 

= ^e 


ay=;= 


’"Z2 


(2. 64a, b,c) 


Hence,  if  one  uses  (2.64a,b,c)  with  -'='s  dropped  for  the  (x,  y,  t)  system 
the  satisfactory  prediction  of  the  pressure  wave  perturbations  should  be 
obtained,  because  Norris  and  Reynolds  compared  their  predicted  and 
measured  pressure  waves  at  the  fixed  wall  of  their  channel.  The  closure 
model  in  the  fixed  (x,  y,  t)  system  proposed  by  Norris  and  Reynolds  ( 1975), 
which  yielded  poor  predictions  of  the  induced  pressure  waves,  did  not 
have  the  inhomogeneous  feature.  One  may  anticipate  that  the  model  pre- 
dictions in  the  fixed  coordinate  system  can  be  improved  by  including 
some  inhomogeneous  terms  in  the  closure  relations;  however,  the  limi- 
tation of  the  boundary  condition  transformation  by  Taylor  series  expan- 
sion still  exists  and  tends  to  disconnect  the  predicted  results  from  the 
data  measured  in  the  fixed  coordinate  system.  Hence,  one  may  con- 
clude that  the  transformation  of  the  coordinate  system  and  of  the  wave 
perturbation  fields  instead  of  just  the  simple  extrapolation  of  the  inter- 
face boundary  conditions  is  essential  in  resolving  the  air  flow  structure 
of  interface  flows. 

Because  there  has  been  no  data  available  in  the  transformed 
coordinate  system,  the  present  investigation  is  largely  devoted  to  col- 
lecting reliable  data  of  wave  perturbation  fields  in  the  (x>'=,  y*,  t='')  sys- 
tern  rather  than  attempting  to  calculate  a closure  model.  Since  r;'j 
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does  not  possess  too  much  physical  meaning  as  mentioned  above,  the 
closure  model  should  be  directly  addressed  to  r_(x=’'=,  y='S  t=’=).  Mea- 
surements of  u,  V,  and  r.,  in  (x*,  y*,  t"0  may  not  only  provide  the 
details  of  the  air  interface  flow  structure  but  also  reveal  some  clues 
for  closure  modelling  by  subsequent  investigators.  The  details  of  the 
experiments  are  presented  in  Chapter  4,  and  the  results  of  the  experi- 
ments in  Chapter  5. 


V 
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chaptf:r  3 


DYNAMICS  OF  MODULATED  AIR  FLOW 
OVER  WATER  .SURFACE  WAVES 


3,  1 General 

In  order  to  characterize  the  response  of  wave  perturbations  due 
to  the  unsteadiness  of  the  air  flow,  air  modulations  were  introduced 
into  the  wind-wave  channel  by  changing  the  flow  exit  area  of  the  channel 
periodically.  The  channel  and  the  air  modulation  generation  technique 
will  be  described  in  Chapter  4.  However,  some  basic  characteristics 
of  the  air  modulation  are  discussed  in  this  chapter,  together  with  its 
interaction  with  the  water  surface  waves.  In  general,  the  air  modula- 
tion has  a pulsating  and  a non-disper sive  behavior  and  has  a very  long 
wave  length  so  that  its  wave  number  can  be  regarded  as  zero  when  its 
frequency  is  low. 

Characteristics  of  air  modulation  in  a two  dimensional  channel 
with  flat-plate  walls  were  studied  in  detail  by  Acharya  and  Reynolds 
(1975).  The  frequencies  of  the  air  modulations  in  their  study  were  24 
and  40  Hz.  The  interesting  phenomena  of  air  modulation  in  a channel 
flow  is  the  existence  of  a viscous  layer  called  a "Stokes  layer"  near  the 
channel  boundary.  For  turbulent  channel  flow,  the  experimental  results 
of  Acharya  and  Reynolds  (1975)  showed  that  the  behavior  of  the  Stokes 
layer  is  very  different  from  that  in  a laminar  flow  due  to  the  strong 
mixing  effect  of  the  background  turbulence.  In  their  study,  the  turbulent 
Reynolds  stresses  perturbed  by  air  modulation  were  found  to  be  out  of 
phase  with  the  strain-rates,  indicating  a viscoelastic  type  of  response. 

Air  modulations  in  a wind-wave  channel  at  low  frequencies  (0.  21,  0,  44, 
and  0,  77  Hz)  were  also  studied  by  Wu  (1973)  to  resolve  the  air  modula- 
tion effect  on  the  wind-generated  waves.  The  results  of  Wu's  study 
were:  (a)  the  air  modulations  were  important  to  wind  and  wave  struc- 
ture, when  the  regime  of  the  air  boundary  layer  was  affected,  and  (b), 
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when  the  air  boundary  layer  was  aerodynamically  rough,  the  air  modu- 
lation effects  on  the  wind  structure  were  secondary  but  more  capillary 
water  waves  were  produced.  In  Wu's  study,  the  air  modulation  effect 
on  the  wind  fields  was  inferred  from  wind-stress  coefficient  calcula- 
tions based  on  mean  flow  measurements;  no  details  of  air  modulation 
structure  were  reported. 

Studying  flows  with  air  modulation  over  mechanically-generated 
water  waves  has  been  one  of  the  most  important  tasks  in  the  present 
study.  Results  of  this  study  not  only  provide  the  detailed  structure  of 
the  air  modulation  in  the  interface  flow,  but  also  reveal  dynamic  fea- 
turt;s  of  the  interaction  between  the  air  modulations  and  the  water  sur- 
face waves.  The  effects  of  air  modulation  on  the  wave  perturbation  fields 
can  also  be  resolved.  The  theoretical  aspects  of  the  air  modulation  and 
of  its  interaction  with  the  water  waves  are  presented  in  this  chapter. 
Experimental  procedures,  data  reduction  schemes  and  the  experimental 
results  are  presented  in  the  subsequent  chapters. 

3.  Z Description  of  the  Flow 

When  an  air  modulation  is  imposed  in  the  flow  regime,  the  flow 
fields  are  generally  expressed  as 

g = g + g + + g_  + g'  (3.  1) 

where  g represents  the  air  modulation  component  and  g and  g 
are  the  wave  components  produced  from  the  interaction  between  the  air 
modulation  g and  the  wave  perturbation  g.  The  wave  representations 

3. 

for  g , g and  g are  very  similar  to  that  for  'g  as  in  (Z.  31),  and  can 

3 T •• 

be  expressed  as 

g = 7 • [ g (y)  e + conjugate  1 (3.2) 

3 ^ 3 
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= T • t g„(y) 


i(kx-u)^t) 


+ conjugate  ] 


where  u'  = w + sw  with  s = ± and  u and  w are  the  frequencies  of 
s a a 

water  wave  and  air  modulation  respectively.  The  phase  average  of  g is 
denoted  by  where  the  subscript  (x  can  be  null,  a,  or  s to  indi- 

cate the  wave  perturbations,  the  air  modulations,  or  the  interaction- 
produced  waves  respectively.  The  period  used  in  the  phase  average  of 
the  corresponding  waves  is  Ztj  / | • The  wave  component  'g^ 

is  defined  as 


(3.  4) 


When  the  phase  average  is  subtracted  from  the  total  flow  quantity 

g as  expressed  in  (3.  1),  the  remaining  flow  component  may  be  regarded 
as  a background  oscillation  g”  around  ^g)^^  is  expressed  as 


g;;  = g - <g)„ 


(3.  5) 


Consequently,  the  decomposition  expression 


= g b g + g" 


(3.6) 


is  feasible.  If  g is  of  order  c and  g is  of  order  f , g is  of  order 
* ‘ ®a  a ®s 

fC  because  g is  produced  from  the  coupling  between  g and  g . 

3 S 3. 


3.  3 Governing  Equations 

Decomposing  u,  v,  and  p in  the  Navier-Stokes  equations  into  the 
form  of  (3.6),  taking  the  phase  average  ( and  the  time  average 
separately,  subtracting  the  time  averaged  equations  from  the  phase 
averaged  equations  and  neglecting  non-linear  terms  in  the  resulting 
equations,  we  have  the  continuity  equation. 


^4 


(3.  7) 


du  dv 
Ox  Oy 


the  x-momentutn  equation. 


Ot  Ox  a )y  Ox  a a Oy  a a 


Op  / 0 u 0 u 

^ a I I a a 

Ox  ''  R.’  ' " 2 ,,2 

Ox  Oy 


(3.  8) 


and  the  y-mornentuin  e(|uation, 


+ U ~ 1-  i”  v"  + ^ v"  v" 
0X  c)x  U (X  9y  OL  (X 


r\rs^ 

% ±r'_Z^ 

Oy  Re \ g^2 


(3.  9) 


where 


io  ja  ija 


(u'.'  u'.'  > - uV  u'.' 

la  ja  a la  ja 


(3.  10) 


Equations  (3,  7),  (3.  8)  and  (3.  9)  a 'e  the  general  expressions  for  the  wave 
perturbation  field,  the  air  modulation  field  or  the  interaction-produced 
wave  field,  when  O.  is  assigned  to  be  null,  a,  or  s respectively.  The 
differences  in  the  order  of  magnitude  and  in  the  flow  characteristics 
among  these  three  fields  lead  ultimati.Ty  to  equation  systems  of  different 


3.  3a  Wave  perturbation  field  • 

If  a refers  to  the  wavi.-  p<-rtu rbation,  equations  (3.  7),  (3.  8) 
and  (3.  9)  reduce  to  (2.  24),  (Z.  2 >)  uid  (2,  26)  except  that  the  induced 
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turbulent  Keynulils  stresses  are  now  given  by 


Ml  'u''>  - u”u'' 


- (.(u'+u  lu  iu')^)-(n  +U+U  +u') 

a I - a + - 


~ Ui'u'  ) - u'u'  + Z <u  u , ) + 2 (u  u ) (3.11a) 

a + a - 


r”, = (u"v"  ) - u"v" 


= ((u  u +u  +u')(v  +v,+?^  +v’) ) - (u  +u  +u  +u')(v  +v  fv  +v') 

a+  - a + - a + - a + - 

- <u'v' ) - u'v' + <u  (v  +v  ) ) + (v  (u  +u  ))  (3.  11b) 

a + - a + - 


r”  = (v"v")  - v''v" 

22 

= ((v  +v  +v  +v')^)  - (v  +v  +v  +v') 

cl  “ 3.  T •“ 

— (v'v')-v'v'  + 2(vv)  + 2(vv)  (3.11c) 

a + a - 


In  reaching  (3.  lla,b,c),  we  have  assumed  that  the  frequency  of 

the  air  modulation  is  carefully  selected  to  satisfy  ^ so  that 

(u  u ) does  not  contain  any  organized  waves  of  order  ( at  frequency 
ia  ja  ^ 2 ^ . 

tj  . i.  e,  . (u  u ) - u,  iT.  is  of  higher  order  than  ( and  is  neglected, 
ia  ja  la  ja  a 

The  terms  n ) , (u.  u.  ) and  <u.  u.  > are  also  of  higher  order 

i-l  jl  1+  j-  1-  j-  ^ 

and  are  neglected  in  ( j.  lla,b,c).  The  differences  between  r^^  in 

(3.  lla.b.c)  and  in  (2,  2 1b)  are  attributed  to  air  modulation  and  can  be 

identified  as  two  types.  One  is  that  produced  by  the  direct  coupling 

between  the  air  modulation  and  the  wave  perturbation,  such  as  terms 

<u  u > in  (3.  1 la,b,c).  The  other  is  that  produced  indirectly  by  the 
a s 

distortion  of  the  background  turbulence  due  to  the  existence  of  air 
modulation.  This  distortion  can  be  regarded  as  the  changes  in  the 
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inti  nsity  and  the  correlation  behavior  of  the  turbulence.  This  implies 
that  there  may  possibly  be  soTiie  differences  in  iu'u'/  - u'u'  for 

1 .i  j j 

those  flows  with  and  without  air  modulations. 

The  boundary  conditions  here  for  the  wave  perturbations  are  the 
saine  as  those  given  by  u = v = 0 at  y = H and  by  (Z.  4 1a,  b)  at  y = Tt' 
in  Chapter  2. 


3.  3b  Air  modulation  field 

The  independence  of  air  modulation  with  respect  to  x as  shown 
in  (3.  2)  reduces  the  continuity  equation  (3.  7)  to 


Ov 

a 

dy 


= 0 


(3.  12) 


The  boundary  condition  v = 0 at  y = H gives  v (y,  t)  s 0 for  all  y. 
Hence  the  continuity  equation  is  satisfied  automatically.  The  momentum 
equations  are  then 


c) 

9y  ^ 1 2a 


_d  ... 

9y  ^22a 


J_ 

Re 


(3.  13) 


(3.  14) 


9Pa 

As  will  be  seen  in  (3,  I6a,b),  the  pressure  gradient  -r — is  inde- 

dx 

pendent  of  x,  but  the  pressure  p is  not.  The  existence  of  the  pres- 

3 

sure  gradient  is  necessary  to  drive  the  flow  system.  Recause 


9r 


12a 


9x 


9r 


22a 


0 


for  fully  developed  flows,  taking  derivatives  with  respect  to  x to  (3.  13) 
and  (3.  14)  results  in 
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(3.  15a, b) 


8x  V 9x  / ’ 8y  ' 8x  / 


O': 


Introducing  the  wave  representation, 


5 

0X 


e + conjugate 


into  (3.  15a,b),  we  obtain 


= e = constant 

9x  ®c 


(3.  16a) 


Hence,  integration  of  (3.  16a)  and  (3.  14)  gives 


(3.  16b) 


(3. 16c) 


where  the  upper  boundary  condition  for  ^^2a  assumed  to  be  zero,  i.  e.  , 

r (H)  = 0,  Equation  (3.  13)  is  inhomogeneous  and  the  modulation  flow 
Z2a 

system  behaves  like  a visco-elastic  oscillator  driven  by  a constant  ex- 
ternal  periodic  force,  . Note  in  (3.  13)  the  system  is  independent 

of  the  mean  flow. 

The  turbulent  Reynolds  stress  modulations  are  given  by 


lla 


<u"u">  - u”u” 

a a a a a 


— (u'u')  - u'u'  + 2 ( vm  ) + 2 (uu  ) 

a + a - c 


(3.  17a) 


12a 


(u'V')  - u"v" 

a a a a a 


— (u'v'  - u'v' + 'iu'(v  +v  ))  + (v^(u  +vi  )/  (3.  17b) 


+ - a + - a 


22a 


(v"v''  ) - v''v" 

a a a a a 


(v'v'  ) - v'v'  + 2 ) +2  ) 

a + a - a 


(3. 17c) 


In  (3.  17a,b,c),  we  have  assumed  that  2 u)  ^ U)  so  that  (u.U.  ) does 

3,  1 J 3. 

not  contain  organized  oscillations  at  frequency  u . Terms  with  order 
higher  than  f f are  also  neglected  in  (3.  17a,  b,c).  Although  all  the 

3 

components  r",  , , r , and  exist  in  the  real  flow,  the  turbulent 

1 la  1 2a  22a 

shear  stress  modulation  r"  is  the  only  force  that  requires  closure 

1 <^3 

modelling  for  the  prediction  of  velocity  u as  indicated  by  (3.  13). 

3 

The  modulated  air  flow  in  a channel  without  surface  waves  was 

studied  in  detail  by  Acharya  and  Reynolds  (1975).  Because  u^  = = 0, 

the  7..  in  their  study  was  then  simplified  to  r. . = (u.'u'. ) - u.'u!  . 
ija  ija  1 j a 1 j 

■Several  closures  were  considered  by  Acharya  and  Reynolds  (including 

the  quasi!. iininar  model  r". . =0  which  yields  an  exact  analytical  solu- 

ija 

tion).  Their  predictions  were  inconsistent  with  their  experiment  data. 

Although  they  suggested  that  the  pressure  strain  effect  is  important  and 

that  a turbulent  Reynolds  stress  closure  model  or  a model  using  an 

integral-differential  closure  relation  for  pressure  strain  should  be 

constructed,  the  dynamics  that  describes  the  interaction  between  the 

wave  and  the  turbulence  was  still  missing. 

From  the  wave -turbulence  interaction  point  of  view,  the  closure 

models  for  7 . and  r". . are  similar.  Since  we  are  more  interested 
ij  ija 

in  the  interaction  of  water  waves  with  the  turbulent  flow,  the  subject 
of  air  modulation  was  not  pursued  further.  For  those  who  desire  a 
better  understanding  of  the  air  modulation,  the  report  of  Acharya  and 
Reynolds  (1975)  is  recommended. 
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The  bounda rv  conditions  for  u are 
' a 

vT  = 0 at  y = H (3.  IHa) 

a 

and 

u = 0 at  y = T]  (3.  18b) 

di 

The  lower  boundary  condition  is  determined  by  assuming  that  there  is  no 
oscillating  mode  corresponding  to  the  frequency  w at  the  interface. 

This  assumption  can  be  justified  by  the  high  ratio  of  water  density  to 

air  density.  In  air  modulation  flow,  the  oscillation  u at  the  interface 

•'  a 

is  regarded  as  the  oscillating  drift  current  induced  by  air  modulation. 

Because  (3.  13)  and  (3.  14)  for  air  modulation  are  very  similar  to  (Z.  48) 

and  (2.49)  for  mean  flow  except  for  the  appearance  of  the  time  varying 
9uj^ 

term  -r — in  (3.  13),  the  magnitude  of  the  induced  oscillating  drift  cur- 
dt 

rent  can  only  be  about  2-3^  of  u^  at  the  free  stream,  which  is  roughly 
the  same  percentage  as  the  mean  drift  current  is  of  the  mean  free 
stream  velocity  as  reported  by  Wu  (1968).  So  practically  (3.  18b)  is  a 
good  approximation  to  the  lower  boundary  condition. 

3.  3c  Interaction -produced  wave  field 

If  the  subscript  O;  refers  to  s in  (3.  7),  (3.  8)  and  (3.  9),  the 

governing  equations  describing  the  interaction-produced  wave  fields  are 

obtained.  The  interaction  Reynolds  stress  r. . are  then  expressed  as 

^ ijs 


r , , = <u''u”  ) - u"u" 

11s  s s s s s 


^ <u'u'  / - u'u'  + 2<u  u) 

s as 


(3.  19a' 


r. , = <u'V’>  - u"v" 

12s  s s s s s 


<u'v») 

s 


+ (u  v)  + (uv  ) 
as  as 


- u'v' 


(3.  19b) 


(v"v">  - v"v" 


(v'v')  -v'v'  + Z^vv) 

s as 


The  terms  with  (u  u.)  serve  as  the  source  terms  that  drive  the 
la  j s 

interaction-produced  wave  system.  These  source  terms  are  assumed 
dominant  in  governing  the  behavior  of  the  interaction-produced  wave 
components. 

The  boundary  conditions  for  u and  v are  identified  as 
. s s 


at  y = H 


at  y = 77 


Similar  to  that  for  air  modulation,  the  lower  boundary  conditions  are 

justified  from  the  negligibility  of  the  oscillation  mode  with  frequency 

ij  at  the  interface, 
s 


3.4  Systems  in  the  Transformed-Coordinate  System 

The  flow  described  in  the  transformed  coordinate  system  given 
by  (Z.  43a,  b,  c)  can  be  obtained  in  a similar  way  as  in  Chapter  2.  When 
equations  (2.  47a,  b,  c , d,  e)  and  (3.  1)  are  applied  to  the  Navior -Stokes 
equations  and  the  non-linear  terms  are  neglected  after  averaging, 
equation  systems  that  govern  the  mean  field,  the  wave  perturbation 
field,  the  air  modulation  field  and  the  interaction-produced  wave  field 
are  found  as  follows. 


3,  4a  M ean  field 

In  the  transformed  coordinate  system,  the  mean  flow  equations 
(2.  48)  and  (2.  49)  remain  unchanged.  However,  the  mean  Reynolds 


■4 


stri'ssos  may  bo  sutjjoctod  to  minor  changes  due  to  the  effect  of  air 
modulation. 

5.  4b  Wave  pe rturiiation  field 

The  equations,  (2.  SO)  to  (2.61),  and  the  boundary  conditions, 

(2.62a,b)  and  (2.63a,b),  are  still  applicable  to  the  wave  perturbation 

field  in  the  modulated  air  flow  except  that  the  r".  . are  now  described 

ij 

by  (3.  1 la,  b,  c). 

3.  4c  Air  modulation  field 

The  effect  of  the  coordinate  transformation  to  the  air  modulation 
> 

field  is  only  of  0(t)^).  In  determining  the  basic  characteristics  of  the 
air  modulation,  it  can  be  ignored.  The  equations  for  the  air  modulation 
are  then 


^12a 


9 

9y*  ^22a 


9y* 


9x* 


+ 


_1_ 

Re 


u 

a 


with  boundary  conditions. 


(3.  21) 


(3.  22) 


li  = 0 at  both  y*  = H and  y*  = 0 (3.  2 3a,b) 

a 

The  turbulent  Reynolds  stresses  r.  . are  still  given  by  (3.  17a,b,c) 

ija 

but  remember  that  all  of  them  are  now  evaluated  in  the  transformed 

coordinate  system.  Note  that  the  same  arguments  can  be  made  on  p^ 

and  r” , as  in  Section  3.  3b. 

22a 

3,  4d  Interaction-produced  wave  field 

In  the  transformed  coordinate  system  (x*,  y*,  t*),  the  equations 
for  the  interaction-produced  wave  components  are  changed  considerably 
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due  to  the  coupling  between  the  oscillating  transformed  coordinate 
system  and  the  air  modulation.  These  changes  in  the  equations  are 
very  similar  to  those  changes  in  the  equations  for  wave  perturbations 
caused  by  the  coupling  between  the  oscillating  transformed  coordinate 
system  and  the  mean  flow.  In  order  to  simplify  the  transformed  equa- 
tions, transformations  of  the  interaction-produced  wave  field  similar 
to  those  given  in  (<1.  54a,  b),  (1.  56)  and  (1.  57)  are  very  helpful.  These 
transformations  can  be  expressed  as: 


U*  = U - f • — ^ T7U  ; 

s s dy-'-  a s 


(3.  Z4a) 


v=l=  = 7 (3.  24b) 

s s 


i*  = 


- f' 


_9_ 

9y* 


T)p  > 
a s 


(3.  24c) 


r.  . - f • 

ijs 


T"...  <T)  r. . ) 
dy-  ija  s 


(3.  24d) 


Then,  the  governing  equations  are 


du*  dv* 

—4  + = 0 

dx’'^  dy* 


(3.  25) 


9t* 


* au*  • 


dx* 

9P 


s dy*  dx*  11s  dy*  12s 


dp*  , / d^tr*  d^*  \ 

= . -J.  + ± { i + i ) 

\ dx*^  dy*^  / 


(3.  26) 


dv*  dv* 

— 2.  + u-  — ^ + — ”r*  + — ?* 

dt*  dx*  dx*  12s  dy*  22s 

dp*  / d^^*  d^v*  \ 

= 2-  + -L  i + 2. 

^ dx*^  dy*^  / 


(3.  27) 
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iOcjunlion.s  (^.^5),  ( ^.  Ze>)  ;uul  (3.  <d7)  were  obtained  in  a similar  way  as 
(1.  S4),  {Z.  S8)  and  (^.  b'i)  except  that  the  role  of  (2.  48)  and  (2.  49)  was 
taki-n  tiy  (3.21)  and  (3.22).  The  boundary  conditions  (3.20a,b)  are  then 
evaluated  in  a time  independent  way  and  are 


V* 

s 


and 


U-- 

s 


=0  at  V*  = H 


0 at  y''-  = 0 


(3.  28a) 


(3.  28b) 


The  interaction-produced  wave  stream  function  is  defined  by 


_ s 
s 9y* 


di'' 


s 9x=' 


(3.  29a, b) 


Eliminating  p*  from  (3.  26)  and  (3.  27),  substituting  (3.  29a,  b)  into  the 
resulting  equatic.n,  and  applying  the  wave  representation. 


= -I.  [^=:=(y=!')  e^^^  ^ + conjugate]  (3.  30) 


we  have 


[(U-c  )-(D*^-k")  - D=:=^U]i*  + ^ = q*  (3.31) 

s s K G s s 


where 


12s 


(3.  31 1 


and  c = w /k  is  the  wave  speed  of  the  interaction-produced  waves, 
s s 

The  boundary  conditions  in  terms  of  wave  expressions  are 


^5|=  = = 0 at  y*  = H 

s s 

and 

= 0 at  y*  = 0 

s s 


47 


(3.  33a, b) 


(3.  34a, b) 
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5 Inviscid  Quasilnrninar  Model  of  Interaction-produced  Waves 

We  will  examine  the  limiting  case  of  Re  -•  oo  so  that  the  viscous 
effect  is  important  only  in  the  viscous  wall  layer  and  in  the  critical 
layer  where  U = c . As  shown  by  Lin  (1955),  the  solution  of  (3.  31)  as 
Re  -•  oo  can  be  approximated  by  the  solution  of  inviscid  equation  ob- 
tained by  setting  = 0 and  taking  the  frequency  u to  be  a complex 

number  with  a vanishingly-small  positive,  imaginary  part. 

For  the  present  analysis,  we  will  also  neglect  the  turbulent  effect 


terms  \u.'u!  ) - u'u'  in  the  source  function  q One  may  argue  that 

(u.'ui)  - uTul  might  play  a similar  significant  role  in  determining  the 

interaction-produced  wave  field  as  that  role  of  (ulul'.  - u.'u!  in  effect- 

1 J 1 J 

ing  the  wave-perturbation  field.  Our  postulation  is  that,  unlike 

(u.'u!)  - u!u!  which  are  the  only  source  terms  in  determining  the  tur- 
1 J » J 

bulence  effect  on  the  wave  velocity,  the  source  terms  (u.u.  ) and 

1 ja  s 

Crjif  ) have  dominantly  influenced  the  interaction-produced  wave 
la  s 

field  so  as  to  overshadow  the  significance  of  (u.'u!)  - u!u|.  Thus,  the 

1 J s 1 J 

inviscid  quasi -laminar  assumption  is  imposed  a priori  in  the  following 
analysis. 

Under  these  assumptions,  (3.  31)  reduces  to 


/ 'y  'y 

[(U  - c ) ■ (D>!=  -k  ) - D*  = q=:= 


(3.  35) 


and  the  explicit  expression  for  q*  is 


q=:=  = D*(  f • a • D*r^  -u-u^-:^-f‘a.  D>:=f  ® ) 

s I 11a  a 2 22a 


(3.  36) 


s s s s 

where  the  notations  u , f , , , f and  f.,_  with  s = ± are  generally 

a 11a  12a  22a 


expressed  as 
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(3.  37) 


and  g is  the  complex  conjugate  of  g . The  no  slip  conditions  that 

^ 3. 

restricted  the  horizontal  oscillation  at  the  boundaries  of  the  flow  are 
relaxed.  When  H oo,  the  boundary  conditions  are 


= 0 

as  -•  oo 

(3.  38) 

= 0 

at  y'''  = 0 

(3.  39) 

The  lower  boundary  condition  is  actually  evaluated  outside  the  viscous 
layer  which  becomes  very  thin  as  Re  -»  oo.  The  viscous  layer  near  the 

A 

interface  presumably  brings  to  zero,  but  consideration  of  this  is 

outside  of  the  range  of  the  present  study. 


3.  6 Asymptotic  Solution  under  Long  Wave  Approximation, 

The  long  wave  approximation  was  constructed  under  the  condition 
that  the  diffusive  layer  in  the  air  flow  was  very  thin  in  comparison  to 
the  wave  length  of  the  water  surface  waves.  The  flow  then  can  be  divided 
into  two  regions.  The  first  is  the  region  near  the  interface  in  the  bound- 
ary layer  of  the  mean  flow  where  the  boundary  layer  thickness  is  a pro- 
per length  scale,  the  second  is  the  region  far  from  the  interface  in  the 
free  stream  where  the  curvature  of  the  mean  velocity  profile  (vorticity 
gradient)  is  small.  Here  the  wave  decaying  phenomena  dominantly  char- 
acterizes the  interaction-produced  wave  field  so  that  the  wave  length  is 
a proper  length  scale. 

The  mean  velocity  profile  normalized  by  U is  given  by 


U 


o 


+ 10 


-4 


1/2 


(3.40) 


where  u.^  is  the  normalized  shear  velocity  and 


is  the  von  Karman 
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const  int  which  is  0.  4 in  this  study.  The  term  10  in  (3.40)  is  intro- 
duced Ijec.iuse  vve  set  U = 0.  99  at  y=''  = 1;  recall  that  y-'^  is  normal- 
ized by  the  boundary  layer  thickness  6.  This  velocity  profile 
corresponds  to  the  log-profile  in  the  wall  region  and  asymptotically 
appro, aches  utiity  when  one  is  far  from  the  interface.  Although,  in 
Ch.ipter  S,  a more  soj)histicated  log-wake  profile  is  used  in  the  curve 
fitting  {irocedure  in  the  mean  flow  study,  the  wake  effect  does  not  pro- 
foundly change  the  analysis  pr(jcedure  or  the  results,  and  is  minor  in 
this  discussion. 

Under  the  long  wave  approximation,  k < < 1 when  y='"  = 0(1)  and 
equation  (3.  33)  is  simplified  to 

(U  - c - (D=:=^U)(?=i=  = (3.41) 

s s s s 

and  the  lower  boundary  condition  is 


(^-(0)  = 0 

s 


(3.  42) 


The  solution  to  (3.  41)  and  (3.  42)  is 


= (U-c  ) 
s s 


/ 


0 (U-c  ) 
s 


Cl  + / ^^=dy| 

00 


dy|  (3.4  3) 


Equation  (3.43)  is  regarded  as  the  inner  solution  and  the  constant 
will  be  determined  by  matching  (3.  43)  to  an  outer  solution. 

To  obtain  the  outer  solution,  the  coordinate  y=’'  is  stretched  by  a 
factor  k,  say  Y = ky=!%  and  in  terms  of  the  stretched  coordinate  (3.  35) 
i s 


(U  - c ) 
s 


dY 


dY^ 


Q 

s 


(3.44) 
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where  Q (Y)  = -q*(Y/k)  is  of  0(1)  in  the  outer  region  and  <I>  is  the 
s k s ^ “ 

outer  function  defined  t>y  $ (Y)  = ^-'"(Y/k).  Equation  (3.40)  gives 


d'^U  _ J_  d^U 
dY^  k^  dy-^ 


(Iny*)  k y* 


k . 10 
o 

(InY-lnk)^Y^ 


As  k -.0,  2— r -.0,  U 1,  and  the  first  order  approximation  to  (3.  44) 
dY^ 

IS 


(1  - c ) 
s 


2 s / s 


(3.45) 


The  outer  boundary  condition  is  then 


<t>  =0  as  Y -«  oo 

s 


The  solution  to  (3.  45)  and  (3.  46)  is 


® (Y)  = e 
s 


Y ? Y 1 Q _ Y 

-Y  r \ C s “^2 


Idll  Q “I? 

00  s 


To  insure  the  convergence  of  the  integral  term  in  (3.  47),  the  quantity 
oo 

f Q (Y)  dY  should  be  bounded.  This  is  true  since  physically  only 
0 ® 

finite  sources  can  be  supplied  by  wave  perturbations  and  air  modulation. 

The  result  that  Q -.0  exponentially  as  Y -4  oo  guarantees  that  <I>  - 0 
s ® 

as  Y GO. 

After  it  is  integrated  by  parts,  the  integral  term  in  (3.47)  can  be 
expressed  as 


4 


0 ui  s 


-Y 

Y Y 

/' 

Y , 

0 

0 

0 

(To 

s 


-Y  f 

f ^ ‘^2 

Y 

+ e / e ' 

r\ 

s 

0 


Yo  Q 


dY,clY  rlY, 


(l-c  ) 2' 

oo  s 


Hence,  ns  Y -»  0,  equation  (3.  47)  can  be  expanded  into 

Y Yi  Q 

= A I - A I Y ' / / ^ ^ ^ ^ dY.^dYj  + triple  integral  terms. 

0 oo  s 


Rev.  riting  this  into  the  iniier  variable  y-'b  we  have 


<I>^(ky=H  = ^jv(y  ' ) ‘ + J*  f 


yv  yv  qv 


. (l_c  ) ciy;jdy|  + 0(k) 

0 orj  s 


(H.  48) 


The  asymptotic  form  as  y-''  -.oo  for  the  inner  solution  (3.43)  is 


oo 


= (l-c  ) • f G • f 

S'  H J S J 


y-f 


q^dy|  + Cj 


dyf 


yV  yy 


(l-c  ) , 

s 0 oo 


/ f q^dy|dy|  + ^ 


c ) 
s 


y- 


(3.  49) 


where 


G (y^H 


(U(y4)-c  )‘-  (l-c  )‘ 


(3.  30) 


io,  (3.49)  matches  (3.  48)  if  - 0 and 


S2 


(3.  51) 


A = (]-c  ) 
1 s 


y-i 


jf  G - y'  (jjdyldy*' 

0 oo 


In  summary,  we  have  the  inner  solution, 


= (U-c^)  / — q^dy|dy| 

0 (U-c  ) 00 

s 


(3.  5Z) 


and  the  outer  solution  given  by  (3.47)  with  constant  given  by  (3.  51). 
The  composite  solution  can  be  written  as 


h{y^)  = (U-c^)  jf  J q|  dy|  dy| 
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00 
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00 


(3.  53) 


This  long  wave  approximation  approach  is  fundamentally  similar 
to  that  of  Davis  (1974)  except  that  his  applications  cf  the  log-profile 
mean  velocity  to  the  entire  flow  region  and  of  long  wave  approximation 
to  the  Fourier  components  of  turbulent  fluctuations  have  raised  some 
ambiguity  in  his  analysis.  Another  difference  is  that  the  present  anal- 
ysis is  performed  over  a wavy  boundary  surface  in  a transformed 
coordinate  system,  but  that  of  Davis  was  still  restricted  to  the  flat 
boundary  wall. 

As  pointed  out  in  the  first  chapter,  the  present  study  emphasizes 
experimental  studies  of  the  dynamical  aspect  of  the  interaction  between 
wave  perturbation  and  air  modulation.  Accordingly,  numerical  calcula- 
tions of  interaction-produced  wave  fields  will  be  reserved  for  subsequent 
investigations  and  are  not  attempted  in  this  study. 
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CHAPTER  4 


THE  APPARATUS,  INS  TR  UM  ENTATION  AND 
DATA  REDUCTION  SCHEMES 


4.  1 The  Air-Water  Chaiinel 

The  channel  used  for  the  experiments  was  described  in  detail  by 
Hsu  (1965)  and  subsequent  investigators  at  Stanford.  It  was  designed 
to  generate  water  waves  by  wind  and/or  by  a mechanical  wave  generator 
to  facilitate  the  experimental  study  of  the  wave  generation  problem.  For 
the  present  experiment,  modifications  were  made  at  the  flow  exit  of  the 
channel  by  adding  a control  unit  to  gexierate  an  oscillating  air  modula- 
tion, Figure  4.  1 shows  a schematic  of  the  channel.  It  is  m long, 

I m wide  and  1.  9 m high.  The  glass-walled  test  section  is  approxi- 
mately 24  m from  the  air  entrance  to  the  down-stream  beach.  The  data 
taking  station  was  located  at  1 3 m from  the  air  entrance. 

Wind  was  produced  by  drawing  air  through  the  test  section  with  a 
suction  fan  at  the  downstream  end  of  the  channel.  At  the  entrance  to 
the  air  inlet,  fiberglass  furnace  filters  were  mounted  to  prevent  large 
particles  of  dust  from  getting  into  the  channel;  a thick  honeycomb  and  a 
group  of  fine-meshed  screens  were  also  installed  at  the  exit  of  the  air 
inlet  to  produce  a uniform  turbulent  velocity  profile  in  the  test  section. 

A second  honeycomb  was  located  just  in  front  of  the  fan  at  the  down- 
stream end  to  prevent  the  vortex  motion  caused  by  the  fan  from  extend- 
ing upstream  into  the  test  section.  The  maximum  possible  wind  speed 
in  the  test  section  was  15  m/sec;  this  was  reduced  to  8 m/sec  when  the 
air  modulator  was  installed,  A mean  free  stream  velocity  of  2.  4 m/sec 
was  selected  for  this  study. 

The  water  wave  generator  is  a horizontal-displacement  oscillating 
plate  driven  by  a hydraulic  cylinder  and  subjected  to  a closed-loop 
ser'  o-control  system.  The  input  signal  for  the  wave  plate  displacements 
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was  provided  by  nn  eli;ctronic  function  gunurator.  The  wnv<'  pi  iti;  'va  s 
situated  well  upstream  from  the  entrance  of  test  section  to  form  a 
lorebay,  which  acted  as  a transition  ri'gion  for  the  developnuMit  of 
mechanically-generated  water  waves.  A sloping  beach,  fornu-d  by  a 
series  of  rectangular  liaskets  filled  with  stainless  sti  el  turnings,  was 
located  at  the  downstream  end  to  reduce  the  v/ave  reflection.  This 
water  wave  generator  can  produce  sinusoidal  waves  with  f retpu- nc  le  s 
ranging  from  0.  ^ to  2.  0 Hz.  The  frequency  used  in  this  experimen'. 
was  1 Hz  (u’=  Ztt  rad/sec).  The  wave  length  L determined  fro:  . ll.. 
dispersion  relation  of  deep  water  waves  is 


L = 


2.TT 

k 


(J 


(4.  n 


where  k is  the  wave  number  and  g is  the  gravitational  acceleration 
(9.  807  m/ sec^). 


4.  2 The  Air  Flow  Pulser 

Controlled  air  modulations  were  produced  in  the  channel  by  peri- 
odically regulating  the  channel-to-flow  resistance  by  means  of  an  air 
pulser  unit  mounted  at  the  flow  exit.  Figure  4.  2 shows  the  details  of 
the  unit,  which  consists  of  a rotating  blade,  a fixed  blade,  a variable 
speed  motor,  amplitude  control  plates  and  a supporting  frame.  The 
rotating  blade  was  shaped  in  a form  described  by 


r = 


V 


a + b(l  + cos20) 


(4.  2) 


where  (r,  6)  represent  the  polar  coordinates.  The  configuration  of  the 
blad(!  with  a = 171  cm^  and  b = 162  1 cm^  is  given  in  Figure  4,  5.  The 
blade  was  made  of  half  inch  thick  li)ouglas  fir  marine  ply-wood  to  give  a 
high  ratio  of  tensile  strength  to  density,  and  to  prevent  its  distortion 
due  to  absorbtion  of  moisture  in  the  passing  air  flow  and/or  surroundings 
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Pl'y’Tjvood  was  used  to  reduce  the  weight  of  the  blade  for  easier  handling 
and  to  decrease  the  inertia  force  for  easier  motor  starting.  The  thick- 
ness of  a half  inch  was  chosen  to  minimize  structural  deflection  of  the 
blade  during  rotation. 

The  fixed  blade  is  also  shown  in  Figure  4.  3 with  the  angular  cut 


of  inclined  angle  Q = 120°,  symmetric  on  both  sides.  When  the  rotat- 
ing blade  moved  at  a constant  angular  speed,  a sinusoidal  blockage 

area  A was  produced  according  to  the  following  equation, 
b 


A 


b 


Tr(a+b)  - ab  + bsintt’  cos(2cj^t) 


(4.  3) 


where  u)  is  the  frequency  of  the  blade  rotation.  In  (4.  3),  ff(a+b)  - ab 
o 

is  the  mean  blockage  area  for  opening  angle  a during  rotations  and  is 
regarded  as  wasted  area;  on  the  other  hand,  2b  • sina  represents  the 
maximum  variable  area  which  is  usable  for  regulating  the  blockage. 
Hence,  an  optimum  opening  angle  a should  result  in  larger  usable 
area  with  smaller  wasted  area.  As  a result,  we  need  to  maximize  the 
ratio  y = bsina /(rr  (a+b)- ab)  to  determine  the  optimal  angle  a.  Although 
theoretically,  when  a — 130  , the  fixed  blade  would  operate  most  effi- 
ciently to  give  y a maximum  value  of  0.637,  the  angle  a=  120  which 
gives  y = 0.  628  was  used  for  practical  construction.  The  frequency  of 
the  air  modulation  is  twice  the  frequency  of  the  blade  rotation,  i.  e.  , 

u)  = 2 (j  . 

a o 

A j H,  P.  d.  c.  motor,  connected  to  the  rotating  blade  shaft  by  a 
flexible  coupling,  was  operated  through  a control  unit.  The  motor  and 
the  control  unit  were  manufactured  by  Electro-Craft  Co.  The  control 
unit  enables  the  motor  to  operate  at  a constant  speed  over  a range 
from  0 Hz  up  to  20  Hz  by  means  of  a feedback  control  system.  The 
frequency  of  the  blade  rotation  was  determined  within  0.  by  inputting 
the  pulse  signal  from  the  control  unit  into  a frequency  counter.  Al- 
though the  frequency  counter  readings  of  two  sequential  data  files  were 
quite  constant,  a systematical  change  in  reading  caused  by  drift  in  the 
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control  unit  circuitv  w.is  visiljlc  in  the  long  term.  In  order  to  keep  the 
air  modulation  frequency  C(jnstant  during  a run,  the  frequency  knob  of 
the  control  unit  was  adjusted  approximately  every  half  hour  to  retain 
the  frequency  reading  set  at  the  beginning. 

The  blade  sh£ift  is  supported  by  two  self-aligned  bearings  which 
were  mounted  on  an  angle-iron  structural  frame.  The  frame  has  a 
pyramid  shape  with  a rectangular  base.  The  blade  shaft  serves  as  the 
ridge  of  the  pyramid.  The  vertical  angle  of  the  frame  is  46°.  This 
angle  is  less  than  the  angle  of  the  fixed  blade  (60°)  to  insure  that  the 
frame  is  hidden  behind  the  fixed  blade  to  avoid  possible  influence  of 
the  frame  on  the  air  flow. 

The  amplitude  of  the  air  modulation  is  controlled  by  the  ampli- 
tude control  plates  which  regulate  the  ratio  of  the  total  blockage  area 
to  the  total  net  open  area  at  the  flow  exit  as  shown  in  Figure  4.  3.  This 
ratio  in  turn  determines  the  ratio  y , the  velocity  amplitude  of  air 
modulation  to  the  mean  free  stream  velocity.  In  ordi^r  to  maintain 
constant  mean  flow,  no  adjustment  of  the  amplitude  control  plates  was 
made  during  each  run. 

The  frequencies  of  air  modulation  selected  in  this  experiment 
were  0.  4 Hz,  0,  7 Hz  and  1.  5 Hz  with  ratio  y approximately  equal  to 

SL 

3.  5^,  2.  7^  and  1.  5'i  respectively. 

4,  3 Wave  Follower  System 

The  wave -follower  system  developed  by  Yu  and  Hsu  (1971)  was 
modified  and  used  as  the  primary  instrument  for  the  measurements. 

It  consists  of  mechanical  and  electrical  systems.  The  mechanical 
portion  contains  a low-inertia  motor  and  a vertical  motion  mechanism 
that  has  an  aluminum -channel  holding  a stainless-steel  tube  guided  by 
nylon  bushings.  The  tube  is  dri\en  by  the  motor  through  a pulley-and- 
cable  assembly.  The  electrical  portion  is  a control  panel  that 
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, im))lenu'nts  tho  wavo-followor  motion  and  provides  the  input  and  output 

signal  jacks.  Figure  4.  4 shows  the  wave -follower  system. 

' The  vertical  motion  mechanism  has  a range  of  about  IS  cm. 

I Hence  for  a 2.  67  cm  amplitude  wave,  only  about  9 cm  is  left  as  the 

! traverse  range  of  the  mean  elevation,  which  is  about  four  tenths  of  the 

^ boundary  layer  thickness.  In  order  to  extend  the  range  of  the  wave- 

follower  system  to  cover  the  whole  boundary  layer,  an  elevator  for  the 
wave -follower  was  constructed  as  shown  in  Figures  4.4  and  4.  S.  The 
• elevator  consists  of  an  aluminum  box  which  is  60  cm  high  and  has 

30  cm  X 30  cm  horizontal  dimensions,  a movable  horizontal  aluminum 
plate  running  on  three  threaded  vertical  steel  rods,  a chain  and  sproc- 
ket assembly  and  a turning  handle.  The  handle  was  mounted  to  one 

» 

i threaded  rod  which  is  connected  to  the  other  tw'o  threaded  rods  by  the 

chain  and  sprocket  assembly.  The  rods  are  supported  on  the  top  and 
f the  bottom  plates  of  the  box  with  ball  bearings.  When  the  handle  was 

‘ turned,  the  three  rods  were  turned  synchronously  and  the  moving  plate 

! 

with  the  wave -follower  assembly  on  it  moved  up  and  down.  Change  of 
! elevation  was  2.  309  mm  for  1 turn  (eleven  turns  per  inch).  A scale 

f 

’ was  fixed  to  the  box  to  indicate  the  position  of  the  moving  plate. 

The  elevator  was  seated  on  top  of  the  roof  of  the  wind-wave 
channel.  The  wave  follower  was  mounted  on  the  moving  plate  of  the 

' elevator  with  the  aluminum  channel  and  the  stainless-steel  tube  intrud- 

i 

i ing  into  the  tunnel  through  the  channel  roof.  The  hot  film  and  the  pitot 

tube  probes  were  then  attached  to  the  lower  end  of  the  moving  stainless- 
steel  tube.  Figure  4.  5 shows  the  arrangement  of  measuring  probes. 

’ The  details  for  operating  the  wave-follower  system  were  reported 

by  Yu  and  Hsu  (1971),  Briefly,  the  system  is  controlled  by  two  sets  of 
dials  on  the  control  panel.  One  is  the  OFFSET  dial  that  pre-sets  the 
I distance  from  the  mean  water  level  to  the  probes.  The  other  is  the 

INPUT  dial  that  determines  the  amplitude  of  the  oscillation  of  the 


69 

i 

%r 

I 


stainless-steel  tube  and  the  attached  sensors.  The  readings  of  the 
OFFSET  dial  and  of  the  position  indicator  on  the  elevator  give  the  y-'- 
values.  The  accuracy  of  the  y*  values  is  ±0.  25  mm. 

Unlike  the  wave -following  system  measurements  made  at 
Stanford  in  the  past,  the  amplitude  of  the  wave -follower  oscillation  in 
our  investigation  decreases  according  to  Eq.  (2.43c).  Consequently, 
the  INPUT  dial  setting  must  be  calculated  for  each  y*  value  based  on 
the  calibration  constants  of  the  system  components.  Because  the  wave 
height  signal  was  used  as  input  for  the  wave-follower  system  and  be- 
cause a 10  Hz  lowpass  RC  filter  was  used  before  inputting  the  wave 
height  signal  to  the  wave-follower  to  eliminate  the  effect  of  ripples,  the 

INPUT  dial  setting  (D  . scale)  was  calculated  from  the  calibration 

wf 

constant  of  wave  height  gauge  (C  volt/cm),  the  gain  of  the  RC  filter 

(G,),  the  calibration  constant  of  the  wave-follower  system  (C  , cm/ 
f wf 

volt-scale)  and  the  factor  f given  by  Eq.  (2,45),  from  knowledge  of 
y=’b  H,  and  k.  The  following  equation  gives  the  concepts  for  the  calcu- 
lation: 


V 


C 


f 


/f 


D 


wf 


f • rj 


(1)  U)  (3)  (4)  (5) 


where 


(1) .  wave  height  (cm) 

(2) ,  wave  height  signal  (volt) 

(3) .  RC  filtered  wave  follower  input  signal  (volt) 

(4) .  specific  displacements  of  the  wave-follower  (cm/scale) 

(5) .  resulting  displacements  of  the  wave-follower  (cm) 


Hence , 
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sinh(k.H  - ky-^) 

C • G/  C . sinh(kH) 
w I wi 


(4.  4) 


The  values  used  for  C , G.,  C , k and  H were  0,  2610  (volt/cm), 

w f wf 

0.97  (volt/volt)  at  1 Hz,  2.  640  (cin/volt-scale),  0.04026  (1/cm)  for 
1 Hz  water  waves,  and  97,  03  (cm)  respectively. 

For  the  1 Hz  wave,  there  is  a phase  lag  of  9,  28  between  the 
wave -follower  displacements  and  the  surface  wave  displacements  due 
to  the  accumulation  of  the  phase  lags  from  the  RC  filter  (6.  58  ) and 
from  the  wave-follower  system  (2.  7 ).  In  order  to  make  the  velocity 
sensors  follow  the  mechanically-generated  water  waves  as  synchro- 
nously as  possible,  the  sensing  wire  of  the  wave  height  gauge  was 
placed  upstream  from  the  velocity  sensors  a distance  of 


156.1  X 


9.  28 
360 


= 4.  02  cm 


or  approximately  4.  0 cm. 


4,  4 Instrumentation  and  Calibration 

The  sensors  used  in  this  experiment  included  a wave  height  gauge, 
an  X-array  hot-film  probe  and  a Pitot- static  tube.  The  hot-film  probe 
and  the  Pitot-static  tube  were  mounted  on  a plexi-glas  frame  that  was 
attached  to  the  stainless-steel  tube  of  the  wave-follower.  An  optical 
transit  was  used  to  align  the  arms  of  the  hot-film  probe  and  the  Pitot- 
static  tube  to  be  parallel  each  other  to  the  flow  direction  and  to  align 
the  tips  of  the  sensors  to  be  at  the  same  fetch.  The  sensor  tips  were 
separated  approximately  by  5 cm  to  avoid  interference. 

The  wave  height  gauge  was  mounted  on  an  aluminum -angle  sup- 
port fixed  to  the  channel  roof.  The  wave  height  gauge  was  placed  at 
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one  side  to  the  other  sensors  with  a distance  separation  of  about  10  crn. 

The  sensing  wire  of  the  wave  height  gauge  was  approximately  4.  0 cm 
upstream  of  the  other  sensors  to  correct  for  the  phase  lag  as  previ- 
ously stated. 

In  order  to  determine  the  sensor  elevation  accurately,  a point 
gauge  was  used.  The  gauge  is  a stainless-steel  pin  mounted  vertically 
along  with  the  hot-film  sensors.  The  lower  tip  of  the  pin  was  adjusted 
to  a known  distance  below  the  sensors  (Z.  62  cm  in  this  experiment). 

The  upper  end  of  the  pin  was  connected  to  an  electrical  circuit.  When 
the  tip  of  the  pin  contacted  the  water  surface,  the  light  indicator  in  the 
circuit  was  turned  on. 

The  probe  arrangements  are  shown  in  Figure  4.  5. 



4.  4a  Wave  height  gauge 

The  capacitance  wave  height  gauge  is  a No.  32  Nylclad  insulated 
copper  wire  stretched  between  the  arms  of  a U-shaped  frame.  The  wire 
was  aligned  normal  to  the  mean  water  surface  with  half  its  length  im- 
mersed in  the  water.  The  upper  end  of  the  wire  was  connected  to  a 
Sanborn  958-1100  capacitance  bridge  amplifier. 

For  calibration,  the  wave  height  gauge  was  mounted  vertically  on 
a vertical  traversing  mechanism.  The  traverse  was  used  to  change  the 
depths  of  the  wire  immersion.  For  each  immersion,  the  corresponding 
voltage  output  of  the  Sanborn  was  recorded  on  an  HP2100A  computer. 

The  data  sets  consisting  of  depths  and  voltage  readings  were  then 
linearly  least  square  curve-fitted  in  the  computer  at  the  end  of  calibra- 
tion to  obtain  the  slope  (volt/cm)  as  the  calibration  constant.  Figure  4.  6 
shows  the  calibration  curve  of  the  wave  height  gauge.  After  the  calibra- 
tion, the  wave  height  gauge  was  installed  on  the  aluminum-angle  support 
and  aligned  for  data  taking.  Preliminary  experiment  showed  that  the 
calibration  slope  is  very  steady  and  changed  less  than  0.  S')?.  Hence,  no 

additional  calibrations  were  required  during  the  data  taking.  i 
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4. -41)  -static  tul)i- 

There  \v.  re  two  purposes  for  using  a Pitot-static  tube.  One  was 
to  cross  check  the  mean  velocity  obtained  from  the  hot-film  output  and 
the  other  was  to  serve  as  a reference  against  which  the  hot-film  probe 
could  be  calibrated. 

The  outer  diameter  of  the  Pitot-static  tube  is  Z.  34  mm.  The 
leads  of  the  total  pressure  and  the  static  pressure  were  connected  to  a 
Pace  differential  pressure  transducer  (Model  P90D),  which  was  then 
connected  to  a Sanborn  656-1  100  carrier  amplifier.  The  pressure 
difference  of  the  two  leads  (dynamic  pressure  of  the  flow)  was  con- 
verted to  voltage  in  the  Pace  transducer  and  then  amplified  by  the 
Sanborn  amplifier. 

The  Pace  transducer  was  calibrated  against  a Combust  micro- 
manometer with  the  aid  of  the  HP2100A  computer.  The  micromanometer 
contained  a fluid  of  specific  gravity  0.  82  and  has  a resolution  of  pressure 
head  difference  of  ±0.  0006  cm  of  the  fluid.  For  each  attenuation  of  the 
Sanborn,  different  readings  of  micromanometer  input  to  the  computer 
resulted  in  corresponding  outputs  of  voltage  and  then  slope  of  calibra- 
tion (volt/cm  of  0.  82  fluid)  was  found  by  linear  least  square  curve-fit. 
Figure  4.  7 shows  the  calibration  curves. 

Preliminary  data  of  mean  velocity  showed  that  the  result  of  Pitot- 
static  tube  checked  very  well  with  that  of  hot-film.  It  also  showed  that 
the  Pitot-static  tube  data  usually  had  higher  uncertainty.  Hence,  based 
on  this  preliminary  cross  check,  the  signal  of  Pitot-static  tube  was  not 
recorded  in  the  final  data  taking. 

4.  4c  Hot-film  probe 

The  velocity  fields  were  measured  with  a hot-film  probe.  The 
hot-film  probe  selected  was  TSI  Model  1241-20.  It  is  an  X-array  hot- 
film  probe  for  both  the  U-  and  V-components  velocity  measurement  and 
is  specially  quartz-coated  to  protect  the  films  from  possible  water 


spray  i-jectud  from  the  intc’rfacc.  As  specified  by  the  manufacturer, 
the  films  are  0.  0508  mm  in  diameter  and  1.016  mm  long  and  have  a 
frequency  response  up  to  40,000  Hz.  The  orientation  angles  of  the 
films  relative  to  the  probe  centerline  were  measured  with  the  aid  of 
an  optical  comparator.  The  values  for  the  angle  are  shown  in  Figure  4.  5. 

Each  hot-film  was  connected  to  a TSI  model  lOlOA  constant  tem- 
perature anemometer  where  the  film  acted  as  one  leg  of  a Wheatstone 
bridge.  The  anemometer  drives  the  film  at  some  pre-set  over-heat 
ratio.  The  over-heat  ratios  used  in  this  experiment  were  1.  563  and 
1.  561  for  the  two  hot-films.  The  air  flow  passing  the  film  will  cause  a 
cooling  effect  and  change  the  film  resistance.  The  corresponding  voltage 
output  due  to  the  resistance  change  is  amplified  and  used  as  a feedback 
in  maintaining  the  bridge  in  balance.  Higher  air  flow  velocity  results  in 
higher  voltage  output  and  the  following  experimental  relation  holds, 

E"  = A + n • (4.  5) 

eft 

where  E is  the  voltage  output  of  the  anemometer,  U is  the  effective 
cooling  velocity  normal  to  the  film  direction,  and  A,  R and  n are  con- 
stants to  be  determined  from  calibration. 

The  hot-film  probe  was  calibrated  against  the  Pitot-static  tube  in 
the  core  flow  region  of  the  wind-wave  channel  at  a height  of  45  cm  from 
the  mean  water  level,  immediately  before  the  data  taking.  Although 
the  misalignment  of  the  probe  centerline  to  the  mean  flow  direction  was 
greatly  reduced  by  using  the  optical  transit,  the  angle  of  misalignment 
was  determined  by  re -calibrating  the  hot-film  probe  after  it  was 
rotated  180“about  the  probe  axis.  The  misalignment  angle  so  obtained 
was  then  used  to  correct  the  hot-film  orientation  to  the  mean  flow  direc- 
tion in  the  data-reduction  process.  Since  calibration  constants  obtained 
from  two  sequential  data  taking  days  were  within  If:  of  each  other  no 
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correctioti  of  the  on  li tjration  constants  was  niaeio  during  the  data  taking. 
Figure  4.  8 shows  tyiiical  calibration  results  of  the  hot-film  probe. 


4,  5 Data-Acquisition-Rc'duction  .System 

The  data -acquisition-reduction  system  consists  of  an  MP^llOOA 
digital  computer  and  its  peripheral  devices.  The  computer  is  the  central 
processor  which  can  execute  basic  instructions  in  1.96  microseconds. 

It  is  a multilevel  priority  interrupt  system  that  allows  input/output  to 
take  place  simultaneously  with  program  execution.  It  has  3Zk  core 
storage  providing  a user  area  of  about  Z5k  after  all  the  FORTRAN 
support  subroutines  are  loaded  into  core. 

The  pcrijjheral  devices  consisted  of:  CRT  terminal,  photo  render, 
paper  tape  punch,  scope  display,  main  disc  drive,  floppy  disc  drive, 
line  printer,  digital  magnetic  tape  drive  and  Analog-to- Digital  (A/D) 
converter.  The  CRT  terminal  is  an  input-output  device  which  supplies 
the  basic  communication  with  the  computer.  The  photo  reader  can 
read  programs  and/or  data  into  core  at  a rate  of  500  characters  per 
second  and  the  paper  tape  punch  can  punch  programs  and/or  numerical 
data  out  of  core  at  a rate  of  120  characters  per  second.  The  scope 
display  plots  curves  for  data  using  a 256  x 256  dot  matrix.  The  line 
printer  output  rate  is  300  ines  of  136  characters  per  minute.  The  digi- 
tal magnetic  tape  drive  is  an  HP7970B  9-track  magnetic  tape  drive. 

Its  recording  rate  is  18,000  words  per  second.  The  start  and  stop  time 
of  the  unit  is  8.  66  msec.  Hence  the  average  data  transfer  rate  is  de- 
pendent on  the  length  of  the  data  blocks.  The  A/D  converter  is  an 
HP2313  A/D  subsystem.  The  sampling  rate  of  the  A/D  subsystem  is 
from  0.0004  samples/sec  to  45,000  samples/sec  with  a 5 mV  resolu- 
tion and  a full  scale  of  ±10.  23  volts.  The  subsystem  can  sample  simvil- 
taneously  up  to  32  channels  of  data  line.  The  m,ain  disc  drive  is  an 
HP7901A  disc  drive.  The  disc  used  in  the  unit  can  store  1,  2 million 
words  of  data.  The  unit  has  an  average  access  time  of  35  milliseconds 
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and  an  average  data  transfer  rate  of  125,  000  words  per  second.  All 
the  system  and  user  programs  are  stored  on  the  disc  and  are  loaded 
into  core  as  needed.  The  floppy  disc  drive  has  basically  the  features 
similar  to  those  of  the  main  disc  drive  but  with  a smaller  capacity  and 
a slower  speed.  It  provides  an  easier  way  to  classify  and  to  store  pro- 
grams and/or  files. 

The  data-acquisition-reduction  system  was  a disc  operating  sys- 
tem (EXDS).  The  programs  used  to  instruct  the  system  can  be  written 
in  FORTRAN,  ALGOL,  BASIC  and  assembly  languages.  A symbolic 
editor  is  available  to  aid  the  user  in  correcting  or  modifying  programs. 
The  operations  of  compiling  or  assembling  programs,  of  modifying 
programs,  and  of  running  the  resulting  programs  are  also  greatly  sim- 
plified by  the  DOS.  Calibration  programs,  data  taking  programs  and 
data  reduction  programs  in  this  experiment  were  written  in  FORTRAN. 

4.  6 Data  Taking  Procedures 

The  output  signals  of  velocity  from  hot-film  anemometers  as  well 
as  that  of  wave  height  from  Sanborn  capacitance  bridge  amplifier  were 
first  conditioned  before  entering  the  data  acquisition  system.  The  pur- 
pose of  the  signal  conditioning  is  to  minimize  the  errors  in  digitizing 
caused  by  the  A/D  converter.  Two  types  of  errors  are  identified.  One 
is  the  error  due  to  the  5 mV  resolution  of  the  A/D  converter  and  the 
other  is  the  error  due  to  the  aliasing  in  the  sampling.  In  order  to 
minimize  the  resolution  error,  the  signals  must  have  their  d.  c.  com- 
ponents suppressed  and  the  remainder  amplified  to  the  levels  as  close 
to  the  peak  of  the  dynamic  range  (±10.  23  volts)  of  the  A/D  converter 
as  possible,  but  without  any  overshoot.  The  aliasing  problem  only 
occurs  when  the  sampling  frequency  is  lower  than  the  frequency  band- 
width of  the  signals,  and  can  be  eliminated  by  using  low  pass  filters. 
The  signals  after  conditioning  were  input  into  the  data  acquisition 
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system  th.it  sampled  the  signals  simultaneously  at  a rate  of  1,000 
samples/sec  for  184,  sec.  Figure  4.9  shows  the  signal  processing 
procedures  of  data  taking.  Since  the  wave  height  gauge  was  well  bal- 
anced, the  wave  height  signal  had  a very  low  d.c.  level  and  a very  nar- 
row bandwidth;  hence,  only  amplification  was  needed  for  the  wave 
height  signal  conditioning.  For  1,000  samples/sec  sampling  rate,  the 
filters  for  hot-film  signals  were  set  at  500  Mz  lowpass  to  satisfy  the 
Nyquist  sampling  criterion. 

The  data  taking  procedures  can  be  summarized  as  follows: 
fl).  After  hot-film  calibration,  set  the  wind  velocity  and  the  frequency 
and  the  amplitude  of  the  mechanically-generated  water  wave, 

(2) .  Adjust  d.  c.  offsets  and  amplifiers  to  obtain  maximum  dynamic 

range, 

(3) .  Initiate  the  data  taking  program  and  input  the  parameters  such  as 

C , G,,  C ,,  k,  H and  sampling  rate,  etc. 
w f wf 

(4) .  Input  y*  to  the  computer  to  obtain  from  Eq.  (4.  4). 

(5) ,  Adjust  the  offset  and  the  amplitude  on  wave-follower  control  panel 

according  to  y='=  and  D 

wf 

(6) .  Instruct  the  computer  to  start  sampling  and  to  store  data  on  digi- 

tal magnetic  tape. 

(7) .  Change  to  new  y*  and  repeat  (4),  (5),  (6)  to  cover  the  whole 

velocity  profile. 

Four  velocity  profiles  with  the  same  mean  free  stream  velocity 
(2.4  m/sec)  were  measured  for  the  cases  without  air  modulation  and 
with  air  modulations  at  0.  4,  0.  7 and  1.  5 Hz  respectively.  A mechanically- 
generated  water  wave  at  1 Hz  with  amplifule  2.  67  cm  was  set  throughout 
the  experiments.  Each  velocity  profile  consisted  of  18  velocities  mea- 
sured at  different  elevations  ranging  from  1.  604  cm  to  39.  4 5 cm  above 


I the  interface. 
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4.  7 Data  Ri'duction  Scheim; 

Thu  purposus  of  data  reduction  were  mainly  to  obtain  thi-  mean 
field,  the  wave  perturbation  field,  the  air  modulation  field  and  the 
interaction-produced  wave  field.  Three  computer  programs  were 
developed  for  these  purposes. 

The  first  program  (program  A)  is  to  calculate  the  mean  velocities 
and  the  mean  water  level.  The  main  components  and  the  steps  of  cal- 
culation are  as  follows; 

(Al).  Call  the  data  stored  in  the  magnetic  tape  and  convert  them  into  u, 
V and  Tj  in  cm/sec,  cm/sec  and  cm,  respectively,  by  using  the 
calibration  constants. 

(A2).  Take  time  average  to  obtain  U,  V and  77  . 

(.'XS).  Punch  U,  V and  77  for  later  use  and  print  U,  V and  77  for 
record. 

The  second  program  (program  J3)  is  mainly  designed  for  calcula- 
tions of  il,  V and  'r.  . and  mean  values,  u!ul  and  u.u.  . The  key  fea- 
ij  1 J 1 J 

tures  and  steps  of  the  reduction  procedures  are: 

(Bl).  Wave  period  counting  from  wave  height  signal, 

(B2).  Mean  velocity  and  mean  water  li^vel  subtraction, 

(B3).  Squaring  and  multiplication, 

(t-  . Phase  averaging, 

(B5).  Phase  correction  for  wave  height  and  probe  oscillation  correction 
for  vertical  velocity, 

(B6).  Mean  Reynolds  stresses  calculation  and  subtraction  to  give  r_, 

(u,  V,  r". ; and  the  reference  77"  are  obtained) 
iJ 

(B7),  Low-pass  digital  filtering  and  re-sampling  "u,  v,  and  77  at 
At^  = 23  At  by  cyclically  repeating  the  periodic  data. 

(BH).  Fast  Fourier  transform  to  obtain  auto- spectrum  and  cross- 
spectrum to  give  amplitudes  of  u,  v,  and  77,  and  phase  lags 
of  u,  V,  ’r. . relative  to 
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Because  there  has  no  reference  signals  being  recorded  for  the 
air  modulation  and  for  the  interaction-produced  waves  the  second  pro- 
gram can  not  perform  proper  data  reduction  of  these  two  fields.  Con- 
sequently, a third  program  (program  C)  was  constructed  based  on 
cross-correlation  scheme.  The  main  functions  and  steps  of  program  C 
are  as  follows: 

(Cl).  Mean  velocity  subtraction 
(C2).  Multiplication  and  squaring 

(C3).  Low  pass  digital  filtering  and  re-sampling  at  At^  = 10  At  to  re- 
duce computation  time  in  step  (C4), 

(C4),  Cross-correlation  with  cos(2Trf  t)  for  40  seconds 

“ 1 |/v  , 2 , 

(C5).  Curve  fitting  the  correlation  result  to  give  the  power  — | g^  j of 


the  signal 

(C6).  Calculating  the  amplitude  from  the  averaged  power  of  several 
correlation  results 

The  main  component  of  the  third  program  is  cross -correlations 
of  the  interesting  signals  to  an  artificial  cosine  signal.  As  we  will  see 
in  Section  4.  10,  the  correlation  of  a signal  to  a cosine  signal  is  just 
equivalent  to  the  application  of  a band  pass  digital  filter.  The  time 
length  of  correlation  must  be  carefully  selected.  Longer  time  of  corre- 
lation implies  narrower  band  pass,  but  may  result  in  loss  of  informa- 
tion due  to  the  frequency  "jitter”  in  the  air  modulation  and  the  possible 
mismatch  between  the  frequencies  of  the  air  modulation  and  the  artificial 
cosine  signal.  On  the  other  hand,  too  short  a time  for  the  correlation 
usually  produces  results  with  large  background  noise  due  to  turbulence, 
which  gives  more  uncertainty.  In  view  of  this,  a period  of  40  sec  was 
• hosen  in  step  (C4). 

It  is  seen  that  time  averaging,  phase  averaging,  cross-spectral 
• Ivsjs  and  correlation  are  the  four  main  techniques  used  in  the  data 
■ r,'ir  scheme.  A close  look  at  these  techniques  is  given  in  the  next 
In  Section  4.  10,  we  show  that  the  averaging  processes  and 
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and  the  Fourier  transform  applied  in  the  data  reduction  program  are 
Iso  equivalent  to  band-pass  digital  filters.  The  fundamental  pro- 
perties of  these  processes  are  thus  revealed.  The  low-pass  digital 
filter  used  in  steps  (B7)  and  (C3)  before  the  re-sampling  process  is  of 
a different  kind  and  is  discussed  first. 


4.  8 Liow-Pass  Digital  Filter 

Although  the  signals  before  entering  the  A/D  subsystem  had  been 

analogly  low  pass  filtered  at  500  Hz  for  the  sampling  interval  0.  001 

sec  to  prevent  alaising  error,  the  alaising  problem  was  again  developed 

if  one  re-sampled  the  digitalized  data  at  a longer  time  increments,  say 

mAt.  The  re-sampling  process  will  change  the  Nyquist  folding  fre- 
1 


q.ency  to  . 

A recursive  digital  filter  used  in  the  present  data  reduction 
scheme  is  one  adopted  from  Bendat  and  Piersol  (1971).  The  filter  exe- 
cutes according  to  the  following  relation. 


y=(l-A)x-tA-y  (4.6) 

n n n- 1 

where  x = x(nAt)  is  the  input  signal  and  y = y(nAt)  is  the  filtered 
n n 

signal.  In  the  frequency  domain,  the  linear  transfer  function  of  the 
digital  filter  is 


H(f) 


1 - A 

, ^ -iZlffAt 

1 - A • e 


(4.  7) 


Hence 

2 ^ (1  - A)^ 

(1  + A^)  - ZA  • cos(ZfffAt) 


(4.  8) 


represents  the  filter  gain  of  the  power  spectrum  of  signal. 
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Figure  4.  10  shows  the  sketch  of  the  characteristics  of  the  low 
pass  digital  filter  for  A = 0,  98  and  At  = 0.  001  seconds,  which  were 
used  in  the  present  data  analysis  programs.  The  power  spectrum  of 
the  digitally-filtered  data  was  then  restored  by  the  frequency  depen- 
dent gain  factor  given  by  (4.  8)  and  the  restoration  results  in  a numer- 
ical error  less  than  0.  1^. 

4.  9 Cross-Correlation  and  Cross-Spectral  Analysis 

In  this  and  the  next  sections,  all  the  time  varying  functions  are 
regarded  as  real  unless  specified  otherwise.  The  cross-correlation 
of  a signal  g(t)  to  a reference  signal  h(t)  is  defined  by 


T/2 


R, 


hg 


(^)  = h(t)g(t+4)  = lim  ^ • f h(t)g(t+^)dt 

T.-00  -T/2 


(4.  9) 


The  cross-spectral  density  of  h and  g is  defined  as  the  Fourier  trans- 
form of  the  cross-correlation,  i.  e.  , as 


oo 


hg 


■oo 


hg 


(4.  10) 


C^  (f)  - iQ,  „(f) 

hg  hg 


(4.  11) 


where  C is  the  co-spectra  and  Q,  is  the  quadrature  spectra.  The 
hg  ^ hg 

phase  lag  of  g to  h is  then  given  by 


6 (f)  = tan 

hg 


-1 


hg 

(f) 

hg 


+ He(-C^  ) 180 
hg 


(4.  12) 
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where  He(x)  is  the  Heaviside  unit  step  function  defined  by 


He(x)  = 


X > 0 

X < 0 


(4.  13) 


Fourier  transformation  of  (4.  9)  also  gives 

<J>^  (f)  = G(f)  . H*(f)  . df  (4,  14) 

hg 

where  G and  H are  the  Fourier  transforms  of  g and  h and  denotes 
the  complex  conjugate.  Hence  the  cross-spectral  density  can  be  ob- 
tained by  direct  transformation  of  g and  h.  The  auto- spectral  density 
is  obtained  by  letting  h = g,  i,  e.  , 


* (f)  = G(f)  • G=Mf)  • df  = C (f) 

gg  gg 


(4.  15) 


because,  when  h = g,  R (£)  is  symmetric  and  Q (f) 

gg  gg 


f R ( ^ )sinZTrf  4 d^  = 0 from  (4.  10). 

^ gg 


-oo 


For  two  sinusoidal  functions  h(t)  and  g(t),  which  are  of  main 
interest  in  this  study  and  are  given  by 


h(t)  = h • coslZ^rf  t) 

a a 


(4.  16) 


and 


g(t)  “ I g • cos(2fff  t - 0 ) , 
' a a a 


(4.  17) 


The  cross-correlation  of  g to  h is 


r 


and  the  cross-spectrum  is 


I 

i 


(f)  - 


4 1^  a a ^ 


(4.  19) 


where  6(f)  is  the  Dirac  delta  function.  The  phase  lag  at  f = f is 

a 

then  equal  to 


9 (f  ) = tan 
hg  O' 


h 

a 

A 

4 

1^ 

a 

a 

( _a_^ ^.[6(f-f  )sin9  -6(f+f  )sin0Q^l  ) 

- 1 I 4 L a q a “J  ( 


• r6(f"f  )cos9  -6(f+f  )cos9  1 ) 

L a a a aj  'f=i 


O' 


= tan  \tan9  ) 

a 


= 9 


a 


(4.  20) 


The  amplitude  of  g is  calculated  from  integrating  the  auto- 
spectrum of  g over  a neighborhood  of  ^ > !•  e.  , 


■*  'J 

f +A 
/•a  1 

' <I»  (f)df 

'f  -A, 
a 1 

r f +A, 

/•O'  1 

ig  “ ^ 

/ <t  (f)df 

•'f  -A, 
a 1 

where  Aj  is  a finite  value  which  depends  on  the  length  of  the  data  used 
in  the  Fourier  transformation.  Theoretically,  if  an  infinitely  long 
record  was  used  in  the  Fourier  transformation,  Aj  can  be  chosen  as 
small  as  one  wishes:  but,  when  the  finite  length  T^  of  record  is  used 
the  delta  function  distribution  of  the  auto- spectrum  is  spread  into  a 
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finite  narrow  band  which  is  proportional  to  , as  we  will  see  in  the 

next  section.  Hence,  a finite  A,  is  required  during  the  practical 

5 

calculation.  The  value  A,  used  in  this  study  was  . 

' ' f 


■1.  10  Band-Pass  Digital  Filters 

In  digital  processing,  the  correlation  given  by  (4.  9)  is  written 
as 

M 

(f)  = lim  h(m^t^)g(mAt^+4)  (4.22) 

^ M_,<r)  m = -M 


by  letting  T = (2M+l)Atj.  In  (4.  22),  as  long  as  M is  large  enough, 

Ati  need  not  be  equal  to  the  sampling  interval  of  data  taking  At  since 
we  have  assumed  the  procfisses  are  stationary.  The  actual  computa- 
tion of  (4.  22)  is  only  possible  for  finite  T,  and  (4.  22)  is  changed  to 


M 


I h(rnAt^)g(mAt^  + 4) 


(4.  23) 


m = -M 


where  the  subscript  'f  indicates  the  finite  time  calculation.  The  selec- 
tion of  the  time  interval  At  ^ depends  on  the  frequency  range  of  interest. 
When  M is  fixed,  a larger  Atj  was  usually  required  for  the  lower  fre- 
quency range  to  provide  better  resolution. 

It  is  of  interest  that,  when  h(t)  = 1 and  Atj  = At,  (4.  23)  reduces 


to 


M 


' 2M+1 


g(mAt  + O , 


(4.  24) 


i = -M 


which  IS  the  familiar  finite  time  average.  The  similarity  between  the 
phase  average  and  the  time  average  stated  in  Chapter  2 suggests  that, 
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when  h(t)  = 1 and  At  | = -r  (the  wave  period  of  the  water  wave),  (4.  Z3) 
then  describes  the  phase  average, 

M 


~ 2M+1  g(mT  + 4) 

m = -M 


(4.  25) 


Other  interesting  digital  processes  such  as  correlation  to  cosine  waves 

can  be  obtained  by  replacing  h(t)  by  cos(27rf  t).  Before  we  discuss 

OL 

the  individual  processes,  the  general  behavior  of  the  digital  filter 
corresponding  to  the  correlation  described  by  (4.  23)  and  the  uncer- 
tainty inherent  due  to  the  finite  T are  examined. 

By  introducing  the  symbolic  functions  II  (t)  and  Ul(t)  (see 
Bracewell  1966),  i.  e.  , 


and 


1 1 
-2  ^'*^2 


( 1 

ri  (t)  = 

( 0 , otherwise 


QO 

LU(t)  = ^ ft(t-n)  , 

n=-oo 


(4.  26) 


(4.  27) 


we  can  rewrite  (4.  23)  as 


00 


[h(t)g(t+^)l.^  = IK:^)  lll(^)h(t)g(t+0*dt 

-00 


If  we  let  t + ^ = X , (4,  28)  is  changed  to 


oo 


[h(t)g(t+oi.j,  = y ^ • II (Af^ ) • ui(;^ 

-00  ^ 


(4.  28) 


)h(X-£)g(X)dX  (4.29) 
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Since  II  and  JJJ  are  even  functions,  equation  (4.  Z9)  may  be  written 


i 


I 


1% 


as 

-oo  ^ ' r 

= h^(t)  ® g(t) 

where 

hrW  = ^ 11(4)  Ul(^)h(-t) 

and  @ denotes  the  convolution  operator. 

Denoting  the  Fourier  transform  of  [h(t)g(t+ 3rp  by 

I'  I 

Lh(t)g(t+ j , using  the  convolution  theorem  and  taking  the 
transformation  of  (4,  30),  we  have 

F(  [h(t)g(t+4)l.j,}  = H.j,(f)G(f) 

The  similarity  theorem  given  by 

Fjx(at)i  = jX(j) 

a oL 

and  the  convolution  theorem  of  the  inverse  transform  given  by 
F‘^lX(f)  @ Y(f)i  = x(t)y(t) 


suggest  that  Fourier  transformation  of  (4,  31)  gives 
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(4.  30) 


(4.  31) 


F our ier 


(4.  3Z) 


(4.  33) 


(4.  34) 


:4 


(4.  35a) 


r fsinc(Tf)@  AtjIII(Atjf)]  @ H(-f) 

= [sinc(Tf)  @ @ AtjIU(Atjf)  (4.35b) 


where 


F I ri  (t)  j = sinc(f) 


sinff  f 
TTf 


(4.  36) 


and 

F|m(t)[  = ui(f) 


(4.  37) 


were  used.  The  plot  of  sinc(Tf)  @ H(-f'  and  H.^,(f)  when  H(f)  particu- 
larly has  a narrow  bandwidth  is  shown  in  Figure  4.  ll(a),(b). 

The  unceitainty  introduced  by  the  finite  time  T during  the  data 
processing  is  expressed  by  calculating  the  standard  deviation  of 


[h(t)g(t+f)  , namely, 


1/2 


a=  I kh(t)g(t+OU  - h(t)g(t+4)  I 


(4.  38) 


Let  the  error  of  the  correlation  at  time  ^ represented  by  e^{£,)', 
then 


[h(t)g(t+$)].p  = h(t)g(t+^)  + 6.^(4) 


(4.  39) 


The  limiting  case  as  T -•  oo  yields 


lim  [h(t)g(t+4)].^  = h(t)g(t+4) 

T“*oo 


and 


(4.  40) 
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(4.41) 


lim  Qj{£,)  = 0 
T-»oo 


Hence,  (4.  38)  can  be  expressed  as 


1/2 


a=  I 6^(0 


f <t>  (f)df 

-CO  T T 


,1/2 


(4.42) 


(4.43) 


where 


♦ is  auto- spectral  density  of  e_(f  ) defined  by 


■■  ‘ 9 «r  f 

4>  (f)  = f e^(ne^(^+s)  ■ 

tfoo  ^ ^ 


(4.  44) 


Evaluating  the  inverse  transform  of  (4.  44)  at  s = 0 leads  to 


e^(^)e^(f+s) 


oo 


= r * 

s = 0 -oo 


s=0 


1.  e. 


oo 


-00  t 1 


(4.  45) 


which  also  gives  (4.  43). 


When  h(t)  and  g(t)  are  band  limited  in  the  frequency  band 

-f.,  <f  < f.„  where  f.,  = is  the  Nyquist  frequency,  the  spectral 

N N N ^t 

density  ♦ (f)  is  also  limited  in  this  frequency  band.  Equation 

®T®T 

(4.  43)  can  be  reduced  to 
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a 


(4.  46) 


(f)  • df 


ML 

I 

i 


The  relative  uncertainty  is  given  by 


![h(t)g(t+^)] 


;|I/2 


100^ 


(4.  47) 


4.  1 1 Digital  Filters  of  Specific  Data  Reduction  Processes 

Application  of  the  theory  described  in  Section  4.  10  to  some 
particular  processes  is  discussed  in  the  following: 

A.  Time  average  (h(t)  = 1,  ^tj  = At) 

When  h(t)  = 1 and  Atj  = At.  [h(t)g(t+ ^ ^ = g^(£)  reduces  to 
the  time  average.  For  a quantity  g decomposed  into 

g = g + g + g'  = g + g"  , (4.  48) 

the  time  average  over  period  T gives 

g.j,  = g + g'.^  (4,  49) 

Since  H(f)  = F}i(  =5(f),  from  (4.  35)  we  have 

H^(f)  = sinc(Tf)  @ AtUKAtf)  (4.50) 

Figure  4.  11(c)  shows  the  sketch  of  (4.  50). 

The  linear  relationship  given  by  G^(f)  = H^(f)  • G(f)  also  suggests 

that 
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Hence,  the  spectrum  density  for  g'^(t)  is 


•t- 

g 


(f) 


rji  S rji 


H^(f) 


(4.  51) 


Since  g"  and  g'  are  uncorrelated,  transformation  of  g"  = g + g'  will 
ultimately  lead  to 


♦ „ „(f)  = «l>^^(f)  + ,(f) 

g g gg  g g' 


(4.  52) 


When 


11 

g(t)  = 2 , 


a = 1 


the  spectrum  is 

gg 


♦ ^(f)  = S • [6(f-f  )+  6(f+f(,)] 

2 £ 4 a « -• 

ss  a = l 


(4.  53) 


If  T is  sufficiently  large, 


H,^(f)|^  « sine  ^(Tf)  ifi(f)  , -fj^<f  <fj^ 


(4.  54) 


Substituting  equations  (4.  52),  (4.  53)  and  (4.  54)  into  (4,  51)  and  identify- 
ing that  e,p  = g!^  for  time  average,  we  have  the  standard  deviation  cal- 
culated from  (4.  46),  i.  e.  , 

In  .1/2 

a = \ f (Hdf 


/ 

N 


8 'j'8  'p 
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•fT  » . 


Z 


I rN  , I 

I I -c 


- \l  .1/2 


n A ^ 

l 1 ^ I 

} T ^ “1“  ( 


I ^ ® “'g'  2 I 

+ Ssinc  (Tf^)  


2 1/2 


where  g'  is  the  power  of  g'  and  -'g'  is  the  integral  time  scale  of  g' 


defined  by 


V-  { 


In  (4.S5),  the  summation  term  is  usually  small  compared  to  the  first 
term  when  T is  large.  Then 


The  relative  error  is  now  given  by 


f = — • 100< 

r — 
g 


Phase  average  (h(t)  = 1,  ^tj  = t ) 

The  function  H.j,(f)  is  now  changed  to 


H.j,(f)  = sinc(Tf)  @ TlU(Tf) 


1 


which  is  shown  in  Figure  4.  11(d).  For  a signal  with  mean  subtracted, 
g = g + g',  the  standard  deviation  a can  be  similarly  obtained  by  the 
procedure  used  above,  and  the  result  is 


a - 


y- 


T 


1/2 


(4.  60) 


where 


y 


1 + 2 


E 


m=  1 


<1> 

<I> 

g'g' 


(0) 


The  relative  error 


is 


(4.61) 


f 


r 


(4.  62) 


C.  Fourier  transform  (h(t)  = T • e - aj  \ 

1 r 

Since  the  Fourier  transform  of  e jg  it  is  easy 

to  show  that,  for  this  case, 

H (f)  = T.  sinc(Tf-Tf  ) @ At  HI(At  f)  (4.63) 

1 « r r 

Hence,  the  Fourier  transform  itself  works  like  a band-pass  digital 

2 1 

filter  with  a gain  factor  T and  a band  width  — . Plot  of  — H.^(f)  is 
shown  in  Figure  4,  11(e). 

The  standard  deviation  calculation  previously  mentioned  is  not 
applicable  here  because  h(t)  is  a complex  quantity.  But  fortunately 
this  is  not  significant  to  the  present  study.  Since  the  Fourier  trans- 
form used  in  the  data  reduction  is  mainly  to  obtain  the  autospectrum 
and  the  cross-spectrum  in  determining  the  amplitude  and  the  phase 

82 


AD-AO****  743 


UNCLASSIFICO 


STANFORD  UNIV  CALIF  OCPT  OF  CIVIL  CNOINCERINO  F/6  8/3 

THE  STRUCTURE  OF  MODULATED  TURBULENT  FLOW  OVER  PROGRESSIVE  WATE— ETC»U) 
AUG  77  C HSU»  E r HSU,  R L STREET  OAAGM-TG-G-Olls 

TR-t21  ut 


2«’3 

^44743 

■ ■ 

— 

1 

ni 
* ■ 

L- 

1 

'M 

im- 

/ 

f 

A- 

- 

relationship  of  wrave  perturbations,  the  error  produced  can  only  be 
obtained  by  directly  examining  the  spectral  structure. 

The  digital  form  of  Fourier  transform  in  finite  time  T can  be 
written  as 


F^ig(t+€)i  = 


/ g(t+n-  e"'^"^0'*dt 
-T/2 


l_ 

2N+1 


N 


n = -N 


= / 

-c 


n(f)uj(^)g(t+^)  e'^^^'^^^^dt 
r 


(4. 64) 


= [Tsinc(Tf^)  @ At^ 


IU(Ay^)l  @ 

(4.  65) 


Taking  the  complex  conjugate  of  (4,  6 5)  and  using  the  relationship  de- 
noted by  (4.  15),  we  have 

oo 

**gg>T'V  = 4 I*'*' I *gg''o''’‘“ 


where  (<t  ) (f)  and  ® (f)  are  the  auto-spectra  of  g corresponding 

gg  T gg 

to  the  finite  time  and  the  infinite  time  Fourier  transforms  respectively, 
and 


A(f)  = T-sinc(Tf)@  At  IU{At  f) 

r r 


(4.67) 


It  is  easy  to  show  that  the  cross-spectra  have  the  following  relation, 
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(4,  68) 


(4> 


V, 

hg  T a 


When  g = ^ + g',  the  amplitude  calculation  of  wave  perturbation 
quantities  according  to  (4.  Zl)  will  develop  an  approximate  relative 
error. 


C 


a 


4A,4>  , ,(fc) 
I g'g'  “ 


100  f 


(4.  69) 


The  uncertainty  in  phase  calculation  from  the  cross-spectrum  by  using 
(4.  12)  will  produce  an  approximate  relative  error. 


*h'g'^^a^l  180° 

'0a  ^ 

(4.  7C) 


D.  Correlation  to  cosine  (h(t)  = cos(2fff  t).  At,  = At  ) 

u 1 r 

Since  H(f)  is  now 


H(f)  = j[6(f-f^)  + 6(f+fj^)]  , 


the  filter  characteristic  is  then 


H (f)  = [ j sinc(Tf-Tfa)  + j sinc(Tf+Tf^)  ] 


At  IIKAt  f) 
r r 


(4.  71) 


Plot  of  (4.  71)  is  given  in  Figure  4.  1 1(f), 
For  a signal  represented  as 


8=  |g(jj|  cos(2trfo(t  - e^)  + g'  , 
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4 


we  have 


where 


a = 


I T ■ 


= 


g'g'  “ e'e'  a 


* . ,(0) 

g'g' 


(4.  72) 


(4.  73) 


and  the  relative  error  € is 


r 


CHAPTER  5 


EXPERIMENTAL  RESULTS 


5.  1 General 

In  Chapters  2 and  3,  physical  quantities  such  as  velocities  and 
Reynolds  stresses  that  govern  the  interface  flows  have  been  described, 
and  in  Chapter  4,  reliable  schemes  to  obtain  data  associated  with  such 
flow  quantities  have  also  been  given.  The  data  obtained  are  presented 
in  this  chapter,  together  with  a discussion  of  their  features.  Compari- 
sons of  our  data  to  that  of  other  studies  are  also  made  when  appropriate. 

As  described  in  the  previous  chapters,  the  data  were  obtained  in 
the  Stanford  wind-wave  channel  at  a station  13  m from  the  test  section 
entrance.  The  mean  free  stream  velocity  was  2.4  m/sec  with  air 

modulations  at  f =0.  0,  0.  4,  0.  7,  or  1.  5 Hz  where  the  flow  without 
a 

air  modulation  is  regarded  as  f = 0.  0 Hz.  The  air  flows  were  over  a 

2L 

1 Hz  mechanically-generated,  sinusoidal  water  wave  with  an  amplitude 
of  2.  67  cm.  The  reduced  data  consist  of  those  associated  with  the  mean 
flow,  the  wave  perturbation,  the  air  modulation,  and  the  interaction- 
produced  wave.  The  effects  of  the  air  modulations  on  the  wave  pertur- 
bations are  also  presented. 

The  flow  quantities  are  generally  presented  in  profile  distributions 

as  a function  of  y*  ordinates.  The  profiles  are  usually  in  non-dimen- 

2 

sional  forms;  the  mean  free  stream  velocity  U and  its  square  U 

OO  00 

are  used  to  normalize  the  velocities  and  the  Reynolds  stresses  respec- 
tively. The  ordinates  y*  are  generally  normalized  by  1/k,  where  k is 
the  wave  number.  As  shown  in  Section  5.  3 the  boundary  layer  thickness 
is  23.  16  cm.  Accordingly,  a factor  of 


y*/ 0 _ 1 

y*  • k k • fi 


1 

(.  04026)  • (23.  16) 


= 1.072 


87 


sh..uM  lu  ippliod  to  ky-  if  ono  wishes  to  interpret  the  data  in  y-/6 
coord i n.i  I e s . 

Since  we  have  denoted  that  tiie  wave  perturbation  quantity 


^ = Ig  |cos(w  t - 9^  ) + harmonics  , 

O' 


'e  includtus  all  harmonics,  while 

■ a 


j and  9^  are  the  amplitude  and 
« ' g 

the  phase  of  the  fvmdamental  modi;.  The  phase  is  the  phase  lag 

w ith  respect  to  time  using  the  water  wave  as  a reference.  In  this  study, 
the  harmonic  modes  are  generally  weak  compared  to  the  fundamental 
mode;  heno',  the  wave  perturbation  quantity  can  be  approximated  by  its 
fuiulammit.i  I modt;  without  changing  the  overall  conclusion. 

The  ambient  temperature  during  the  period  of  data  taking  was 
unite  steady  to  within  +l'^C.  The  ambient  pressure  variation  was  also 
less  th.  ni  0.  5 mm  of  m<  rcury.  Thus,  the  effects  of  ambient  tempera- 
ture and  pressure  are  negligible.  The  data  uncertainty  is  estimated 
ana  is  presiMited  in  Appendix  I. 


s.  1 Water  Wave  I'leld  and  Surface  Condition 

liefore  presenting  the  air  flow  fields,  the  water  wave  field  and 
the  surface  condition  should  be  identified.  typical  result  of  the  phase 
avi  rag<'  of  the  mechanically-generated  water  wave  is  shown  in  Figure 
S.  1(a),  (b),  together  with  the  phase  average  results  of  u,  v,  and  r_ 
for  y'  = I.  b04  cm.  The  position  y'"'  = 1.  604  cm  is  the  elevation 
closest  to  the  interface  in  our  data.  The  phase  average  result  is  used 
to  obtain  the  amplitude  and  the  phase  lag  for  each  mode  liy  Fast  Fourier 
Transform  (FFT)  and  cross-spectral  analysis.  When  10Z4  data  points 
with  sampling  interval  0.001  sec  were  used,  the  resolution  of  the 
spectrum  was  0.  076  Hz.  The  resolution  is  improved  to  0.  04^14  Hz  by 
artificially  repeating  the  phase  average  results,  low-pass  digital 
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filtering  iind  re  - sampling  at  an  interval  0.  0Z3  sec  as  described  in 
Chapter  4.  The  result  of  auto-spectral  analysis  for  Vf  shows  that 
the  harmonic  modes  produced  by  the  Stokes  non-linear  phenomena  are 
less  than  of  the  fundamental  mode  and  are  negligible.  The  param- 
eter ka  is  9.  1075  corresponding  to  a = Z.  67  cm. 

For  U = Z.  4 m/sec,  the  ripples  riding  on  the  mechanically- 
oo 

generated  water  waves  are  small  but  visitile.  If  we  denote  the  ripples 
by  T)'i  the  randomness  of  the  ripples  results  in  T)'=  (t)'^  = 0.  How- 
ever, the  mean  square  is  non-zero  and  represents  the  square  of 

mean  roughness  of  the  water  surface  on  the  mechanically-generated 
water  waves.  It  is  anticipated  that  is  perturbed  by  the  mechanically- 

generated  water  waves  in  a way  similar  to  that  by  which  the  turbulent 
Reynolds  stresses  are  perturbed.  Hence 

? 7 2 Z ' 

V’  = n'  + r?'  + (v'  ) 

and  

(v'^y  = v'^  + v'^ 

'~^2. 

Figure  5.  Z shows  the  results  of  t)  ' with  77'  given  in  the  legend.  The 
values  ^^-10  are  0.  9778,  0.7805,  0.  7374  and  0.  7469  cm  for  the 
air  modulations  at  0.  , 0.4,  0.  7,  and  1.  5 Hz  respectively.  The  root 
mean  square  J is  approximately  0.  09  cm  which  is  roughly  34  of 

the  amplitude  of  the  mechanically-generated  water  wave. 

Wu  (1973)  observed  that  the  effect  of  the  air  modulations  was  to 
produce  more  capillary  waves  in  a wind-generated  wave  field.  In  the 
presence  of  the  mechanically-generated  water  wave,  the  decrease  in 
the  mean  square  values  of  the  ripples  in  the  present  experiment  shows 
that  the  air  modulations  tend  to  impede  ripple  production.  This  differ- 
ence suggests  that  the  mechanism  of  wind-wave  generation  over  swell 
(long  water  wave)  is  different  from  that  over  a flat  water  surface.  The 


(5.  la) 
(5.  lb) 
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distortion  of  the  wind  field  due  to  swell  and  the  interaction  between  the 
ripples  and  the  swell  may  contribute  to  this  inconsistency.  For  future 
investigation,  experiments  with  modulated  air  flows  over  wind -generated 
waves,  performed  at  the  Stanford  wind-wave  channel,  are  needed  in 
resolving  the  ripple  structure. 

The  mean  square  values  of  the  ripples  also  show  that  the  effect 
of  the  air  modulations  is  prominent  when  the  frequency  of  the  air  modu- 
lation is  close  to  the  frequency  of  the  mechanically-generated  water 
wave  as  shown  in  Figure  S.  Z.  Figure  5.2  shows  also  that  (a)  the  ripples 
ire  high  at  both  windward  and  leeward  of  the  mechanically-generated 
water  wave,  (b)  they  are  moderate  in  the  trough,  and  (c)  they  are  almost 
Zero  on  the  crest.  The  recovery  of  the  ripple  roughness  for  f =1.5  Hz 
IS  expel  ti'd  because  the  ripple  structure  should  return  to  that  of  the  no 
Mr  moflulatioti  situation  when  f is  sufficiently  high.  (At  very  high  f , 

cl  3i 

the  channel  flow  does  not  respond  to  the  air  flow  pulser,  hence  the  flow 

IS  equivalent  to  that  without  air  modulation.  ) 

With  the  aid  of  r^  . shown  in  Figure  5.  1(b)  at  the  lowest  elevation 
1 “ 

y ■ = 1.  bO-1  cm  in  our  data  (Details  of  7^^  will  be  discussed  in  Section 
5.4(c).),  it  is  now  possible  to  determine  the  surface  condition  over  the 

mechanically-generated  water  waves.  If  the  surface  is  fully  rough,  we 

~ "^2 
expect  that  r^^  near  the  interface  should  strongly  correlate  with  77'  . 

However,  the  data  of  7 shown  in  Figure  5.  1(b)  indicate  that  r" 

strongly  correlates  to  77  instead  of  to  77'  . This  implies  that  r^^ 

is  mainly  induced  by  the  mechanically-generated  water  wave.  As 

shown  in  the  next  section  the  friction  velocity  u.^  in  this  study  is  8.  578 

cm/sec,  for  z = ^ 77'^  ci  0.09  cm  the  roughness  parameter 

+ 

z = is  4.  95;  hence,  the  surface  condition  is  aerodynamically 

o V 

smooth. 


i 

I 
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S.  ^ Mean  Flow  Fields 

The  mean  flow  fields  presented  are  those  for  velocities  and  tur- 
bulent Reynolds  stresses.  These  two  fields  determine  the  basic  mean 
turbulent  flow  upon  which  the  wave  perturbations  and  the  air  modulations 
were  ii  iposed.  This  basic  mean  flow  should  be  identified  before  examin- 
ing the  wave  perturbation  and  the  air  modulation  fields  because  different 
mean  flows  result  in  different  wave  perturbations  and  air  modulations. 

(a).  Mean  velocity  profiles 

The  mean  horizontal  velocity  behaves  like  a typical  turbulent  bound- 
ary layer  flow.  To  obtain  a better  understanding,  the  traditional  log- 
linear  plot  (U  versus  logarithmic  y=i')  was  used  and  the  results  are  shown 
in  Figure  5.  3.  When  the  linear  portion  of  the  profiles  in  Figure  5.  3 was 
used  to  curve-fit 

u,,, 

U = ^ • In  y*  + n (5.  2) 

K. 

O 

the  friction  velocity  u.,,  found  by  assuming  = 0.  40  is  approximately 

30^  greater  than  that  calculated  from  the  direct  measurement,  i.  e.  , 

2 

u.,,  = -u"v"  (the  value  of  -u"v"  will  be  discussed  later).  We  also  found 
that  the  results  of  u„,  depend  on  the  number  of  points  in  the  linear  por- 
tion of  the  profiles  used  for  curve-fitting,  the  variation  being  as  large 
as  . In  addition,  when  the  wall  coordinates 

u = — and  V = (S.  3a,  b) 

u.,.  ^ F 

are  used,  all  the  y^  values  corresponding  to  the  data  points  are  greater 
than  100,  which  is  in  contrary  to  the  argument  that  the  log-linear  pro- 
file exists  only  in  the  region  where  30  < y < 70.  Hence,  we  conclude 
that  the  simple  log-linear  curve-fitting  procedure  is  not  adequate. 
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A hotter  representation  of  the  mean  velocity  U was  achieved  by 


identifying  the  wake  characteristics  near  the  outer  edge  of  the  boundary 
layer.  The  wake  behavior  was  also  observed  in  the  Stanford  wind-wave 
channel  by  Young  et  (1973)  for  both  the  flat-plate  and  the  interface 
flows.  In  the  outer  region,  the  profile  is  the  "law  of  the  wake"  (Coles 
19‘36),  which  can  be  written  as 


o o 


wh  is  the  wake  function  and  is  the  wake  parameter.  The 

on  W can  be  approximated  by  (Hinze  1975) 

W ( ^)  = 1 - cos  ( ) (5.5) 


The  wake  parameter  can  only  vary  with  x-l'  when  the  outer  layer 

profile  of  the  flow  is  not  self- similar.  Substituting  (5.  5)  into  (5.  4)  and 
rewriting  (5.4)  into  the  wall  variables,  we  find 


W 


+ 

\ , c 

1 - cos 

/ ^ k 

O 

' fi  '1 

(5.6) 


where 


U 


oo 


oo  u^ 


and 


Equation  (5,  Z)  is  the  asymptotic  form  of  the  inner  profile  governed  by 
the  "law  of  the  wall",  and  can  be  written  as 


+ 1 I + . r- 

u = ■; — In  y + C 


(5.  7) 


9Z 


A 


As  y ''  - 0,  (S.  6)  asymptotically  matches  (5.  7)  with  the  matching  condi- 
tion 


C 


+ 

u 

oo 


■ — In  6 
k 

o 


+ 


o 


So,  the  outer  profile 


+ 


u 


; — In  y + C + 
k 

o 


cos 


/ 


) 


(a.  H) 


(5.  M 


applies  also  in  the  log-linear  region. 

The  experimental  data  for  the  mean  velocity  were  curve-fitted 

to  the  wake  log-linear  profile  to  determine  U , u.  and  6 by  the  least- 

oo  ■ ^ 

square  method.  The  profile  parameters  C,  W and  6 and  then  the 

c 

profiles  described  by  (5.9)  were  calculated.  The  comparisons  between 
the  data  and  the  curve-fit  results  are  shown  in  Figures  5.  4(a),  (b). 

The  agreements  are  excellent.  Table  5.  1 shows  the  velocity-profile 
parameters  and  the  comparison  of  u,,,  between  the  results  of  curve- 
fitting and  of  direct  measurement.  The  comparison  of  u.,.  results  in  an 
average  difference  of  I.Z34.  The  measured  u.,,  given  in  Table  5.  1 was 
computed  from  the  lowest  point  of  the  -u"v”  profiles.  From  Table  5.  1, 
the  parameters  U /c,  u,/U  and  U ^/l'  (Reynolds  number)  which 
characterize  the  mean  flow  were  determined  and  were  1.  541,  0.  03589, 
and  35,  700  respectively. 

The  vertical  mean  velocity  V is  shown  in  Figure  5.  5.  The  nega- 
tive value  of  V indicates  that  the  vertical  mean  velocity  is  downward 
toward  the  interface.  The  magnitude  of  V decreases  to  zero  when  it 
approaches  to  the  interface  where  the  boundary  condition  for  V is  zero. 
The  downward  vertical  mean  velocity  is  regarded  as  the  result  of  the 
drift  current  at  the  interface.  At  the  interface,  the  developing  drift 
current  results  in  > 0;  hence  from  the  continuity  equation. 
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we  have  < 0-  with  V = 0 at  the  interface,  V should  be  nega- 

t-ve  in  the  boundary  layer.  The  change  of  V is  large  near  the  inter- 
face and  decays  to  ?.ero  at  the  free  stream  as  shown  in  Figure  S.  5. 


(b).  Mean  Reynolds  stresses  and  turbulent  intensity 

Since  as  described  in  Chapter  4,  the  subtraction  of  the  air  modula- 
tion velocity  from  the  total  velocity  is  not  feasible,  the  mean  Reynolds 

stresses  uVu'.'  contain  the  contribution  from  the  air  modulation.  For  a 
1 J 

fully-developed  flow,  -u"v"  and  v''v"  are  not  affected  by  the  air  modu- 
lation because  v equals  to  zero  and  u is  not  correlated  with  v'.  This 
a a 

was  the  case  in  the  study  of  Acharya  and  Reynolds  ( 1975)  since  their  flow 
was  fully-developed  and  there  was  no  water  waves;  however,  this  is  not 
the  case  in  this  study  because  there  exists  the  interaction-produced 
wave  component  u,  and  the  component  v may  exist.  (The  existence 

IS  e\. 

of  V may  be  due  to  the  weak  development  of  the  boundary  layer.  ) As 
shown  in  Figure  5.6,  the  values  of  -u''v"  and  v''v"  for  modulated  air 
flows  are  systematically,  but  not  largely  different  from  those  without 
air  modulation.  However,  the  difference  is  small. 

In  Figure  5.  6,  an  almost  constant  shear  layer  is  observed  in  the 
lower  portion  of  the  -u"v''  profiles.  The  slight  decrease  of  the  shear 
stress  at  the  lowest  portion  of  the  constant  shear  layer  is  regarded  as 
the  release  of  the  shear  stress  caused  by  the  developing  drift  current. 

It  can  not  be  regarded  as  the  influence  of  viscous  effects  because  all 
the  y values  corresponding  to  the  data  obtained  are  greater  than  87 
so  the  viscous  effect  can  be  ignored. 

The  magnitude  of  u"u''  shown  in  Figure  5,  6 is  approximately 
one  order  larger  than  those  of  -u'V'  and  v"v"  ; this  is  as  expected. 

(Note  the  different  scales  used  for  -u"v"  and  v"v"  in  the  plots.  ) The 
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greater  values  of  u"u"  for  the  air  flows  with  air  modulation  compared 
to  those  without  air  modulation  mainly  result  from  the  contribution  of 


the  component  u "u  . Hence, 
a a 


Z 


A(  u”u"  ) 


1.  e.  , 

|u  1 - [(ZA(u"u"  (5.  10) 

where  A denotes  the  change  of  a quantity  due  to  irr.'osing  the  air  modu- 
lation. An  estimate  of  from  (5.  10)  roughly  agrees  with  those 

obtained  from  the  cross -correlation  technique,  thus  justifying  the  usage 
of  the  cross-correlation  scheme. 

When  f =0,  there  is  no  air  modulation,  so  u'.'u'.'  = ulul  . Then, 
a 1 j 1 j 

the  two-dimensional  turbulent  intensity  is  represented  by  q^  = u'u'  + 

■ “ " ■ 2 T / 2 

v'v'  . Figure  5.  7 shows  the  plot  of  Q'*'  = q‘^/u^  versus  y , together 

with  the  data  obtained  by  Laufer  (1951)  and  Klebanoff  (1954).  Remember 
that  their  data  were  obtained  for  flows  in  two-dimensional  solid  bound- 
ary channels,  not  for  interface  flows. 

5.  4 Wave  Perturbation  Fields 

The  wave  perturbation  fields  consist  of  the  wave-induced  veloci- 
ties u. , the  wave-associated  mean  Reyr.olds  stresses  u.il,  , and  the 
1 1 J 

wave-induced  turbulent  Reynolds  stresses  "r...  The  stresses  u.u. 

ij  1 J 

play  a very  significant  role  in  the  energy  transfer  between  the  mean 
flow  and  the  wave  perturbation  field;  on  the  other  hand,  the  stresses 
r,  . are  coupled  with  u.  in  transferring  the  energy  between  the  wave 

ij  1 

perturbation  field  and  the  background  turbulence.  (Ref.  Hussain  and 
Reynolds  1970).  When  the  air  modulation  is  imposed,  the  effect  of  the 
air  modulation  is  to  change  the  wave  perturbation  fields.  A close  ex- 
amination of  the  air  modulation  effect  will  be  made  in  Section  5.  6. 
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Kxjie rinientnl  results  for  the  wave  perturbation  fields  are  discussed 
in  the  following  three  subsections: 

(a).  Wave  perturbation  velocities 

A typical  result  for  u and  v obtained  by  phase  averaging  is  shown 
in  Figure  S.  1(a)  for  y=!=  = 1.60-1  ctn  and  f =0.0  Hz,  and  the  result 
deviates  from  the  nearly  sinusoidal  t)  as  indicated.  Spectral  analysis 
of  u and  v indicates  that  the  magnitude  of  the  harmonic  modes  con- 
tained in  the  velocity  components  are  about  10<^  of  those  of  the  funda- 
mental modes.  The  higher  percentage  in  harmonic  modes  than  in  p 
indicates  the  relative  importance  of  the  non-linear  effect  of  the  wave- 
perturbed  air  flow  field  rather  than  the  non-linearity  of  the  water  wave. 
This  non-linear  perturbation  may  result  from  the  non-linear  convection 
of  the  air  flow. 

The  phase  average  results  of  u and  v are  used  to  find  the  ampli- 
tudes |u|  and  |v|  and  the  phase  lags  6lg  and  B~  by  FFT  and  spectral 
analysis  as  described  in  Chapter  4.  The  plots  of  the  amplitude  |u  | 
and  the  phase  lag  0.,^  versus  ky='=  are  given  in  Figures  5.  8(a)  and  (b) 
and  the  plots  for  Ivl  and  0.^  in  Figures  5.  9(a)  and  (b).  In  the  proximity 
of  the  interface,  the  magnitude  of  |ul  is  clearly  one  order  greater  than 
that  of  Ivl  , but  their  amplitudes  tend  to  be  of  the  same  order  when 
they  are  away  from  the  interface.  This  suggests  that,  close  to  the 
interface  where  the  mean  flow  vorticity  and  the  turbulent  intensity  are 
large,  the  wave  perturbation  field  strongly  depends  on  the  shear  flow 
behavior  and  the  turbulent  mixing.  Away  from  the  interface,  the  wave 
perturbation  field  behaves  similar  to  that  in  an  inviscid  flow  with  al- 
most uniform  velocity  profile.  Hence  the  exponential  decay  character 
is  predominant  in  the  free  stream.  As  shown  in  Figures  5.  8(b)  and 
8,  ^4(b),  the  phase  difference  between  0~  and  0^  of  about  90°  provides 
a strong  evidence  for  the  inviscid  potential  wave  motion  of  the  fluid 
particles  near  the  free  stream. 
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Sinco  u u liescrilxjs  llu:  coujiUng  ljutweun  the  wave  perturbation 

i i 

•u'ld  and  the  mean  flow,  the  90  phase  difference  between  and 

v'  hich  results  in  an  almost  zero  value  of  -uv  indicates  that  the  mean 

flow  and  the  wave  perturbation  field  are  almost  decoupled  in  the  free 

stream.  On  the  other  hand,  an  almost  18o”  phase  difference  Ijetween 

and  9~  near  the  interface  shows  the  strong  coupling  between  the 
u V 

mean  flow  and  the  wave  perturljation  field.  This  coupling  effect  in  the 
boundary  layer  results  in  the  different  orders  in  magnitude  of  |ul  and 
Ivl  and  in  the  phase  shifts  of  and  9.^,  as  shown  in  Figures  5.  8(a),  (b) 
and  5.  9{a),  (b). 

Because  the  wave  perturbation  field  is  also  dependent  on  the  tur- 
bulent mixing  effect  characterized  by  r..,  it  is  not  now  feasible  to  give 

ij 

an  overall  structure  of  the  wave  perturbation  velocities.  Details  of 
u u and  r"  . are  given  in  part  (b)  and  (c)  of  this  section.  However,  a 
discussion  on  the  structure  of  the  wave  perturbation  field  is  given  in 
Chapter  6. 

If  we  assume  that  the  drift  current  at  the  interface  is  3<  of  U , 

Ivl  Z ^ 

the  interface  boundary  condition  (Z.  41a)  indicates  that  — • 10  = 6.67 

O 1 I oo 

and  = Z70  when  = 0.  The  sharp  increase  in  |v|  at  the 

lower  portion  of  the  |v|  profile  given  in  Figure  5.  9(a)  and  the  phase 

approaching  Z70°  as  y-'-  _ 0 in  Figure  5.  9(b)  show  that  the  interface 

boundary  condition  for  v seems  to  be  verified  by  the  present  data.  The 

interface  boundary  condition  for  u can  not  be  checked  by  the  results 

inferred  from  the  data  trend  of  the  |u  I and  9^  profiles  shown  in 

u 

Figures  5.  8(a)  and  (b)  because  the  inferred  results  are  based  on  inviscid 
analysis  and  the  viscous  effect  is  significant  for  u near  the  interface. 

A systematic  change  in  the  wave  perturbation  velocities  due  to 
the  imposition  of  the  air  modulation  is  seen  in  Figures  5.  8(a),  (b)  and 
5.  9(a),  (b).  The  change  in  amplitude  caused  by  the  air  modulation  is  not 
large  but  still  visible.  An  interesting  difference  in  change  in  the  phase 
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is  c>liservt‘fl  between  thos<*  with  the  air  modulation  frequency  larger 
than  and  smaller  than  the  frequency  of  the  mechanically-generated  water 
wave.  The  air  modulations  at  0.  4 and  0.  7 Hz  tend  to  increase  the  phase 
lags  of  the  wave  i>erturbation  velocities,  but  the  air  modulation  at  1.  5 
Hz  just  behaves  in  an  opposite  way.  Details  of  the  air  modulation  effect 
are  given  in  Section  S.  (■>. 

(b).  W ave -a  s soc iateti  Reynolds  stresses 

Figures  S.  10,  S.  1 1 , and  S.  IZ  show  the  distributions  of  the  wave- 

associated  Revnolds  stresses  u.iT.  . When  the  harmonic  modes  are 

1 J 

relatively  weak  compared  to  the  fundamental  mode,  they  can  be  approxi- 
mated by 


u.u.  - T 1 u.  I • 1 ».  | cos(0~  - 0^  ) (5.11) 

11  Z ' 1 ' ' 1 I u.  u. 

11 


The  data  of  I u.  I and  0~  were  used  to  estimate  u.u.  based  on  (5.  11). 
' i'  ^i  1 J 

I’he  results  agree  with  those  shown  in  Figures  5.  10,  5.  1 1 , and  5.  IZ  to 
within  54*  , Hence,  the  harmonic  modes  are  negligible  and  the  linear 
analysis  described  in  Chapters  Z and  3 is  feasible. 

According  to  Miles'  theory  (1957),  the  wave-associated  shear 
stress  is  equal  to  the  average  of  the  wave  perturbation  pressure  sup- 

ported  by  the  water  wave  form,  i.  e.  , p ^ =-p  u v (Phillips  1966, 

ox 

p.  94).  The  energy  transfer  from  the  wind  to  the  wave  is  then  given  by 
(see  the  more  detailed  discussion  in  Chapter  6) 


(c-U  ) p 

o ox 
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= -(c-U  ) p uv 
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y*=0 


(5.  12) 
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To  find  an  estimate  of  I ',  , the  value  of  - u7/U  at  y='=  = 0 is  obtained 

p oo 

by  extrapolation  of  the  data  plotted  in  Figure  5.  11  with  the  result  being 

approximately  11.0-  10  \ With  c/U  = 0.649  and  U /U  =0.03, 

oo  o oo 

the  value  of  E is  h.  hi  • 10  . An  alternative  but  direct  estimate  of 

P — 1 

E can  be  obtained  l)v  correlating  p to  v,  i.  e.  , pv  = — Ipllv  I • cosid^-HJ. 
P Z p V 

The  wave  perturbation  pressure  was  measured  by  Yu  et  al.  (1973).  The 

values  of  C (=  I [>  I / t D ^ ) ^ind  corresponding  to  U /c  = 1.  54  1 
p Z oo  p oo 

are  now  found  from  Figtire  44  in  their  report  to  be  0.  048  and  60  respec- 
tively. The  variation  of  p in  the  boundary  layer  is  small  so  th(;se  val- 
ues can  be  regarded  as  those  at  the  interface.  The  interface  boundary 

condition  for  v gives  | v 1 /U  = 0.  0667  and  6^^  = 270°.  So  the  direct 

oo  V 

calculation  of  E based  on  the  correlation  of  p and  v results  in 
P 

1 I V I - 4 

E = . - . c . • cos(0~  - 6--)  = 6.  93  • 10 

p ) |)  U p V 


which  agrees  with  the  calculation  based  on  -uv.  This  agreement  sug- 
gests that  the  Miles'  inviscid  theory  may  describe  adequately  the 
energy  transfer  from  the  wind  to  the  wave  due  to  the  wave  perturbation 
pressure  even  there  is  turliulence  in  the  wind.  A detailed  investigation 
of  this  aspect  is  needed.  Because  additional  energy  transfer  from  wind 
to  waves  may  be  producerl  by  the  wave-induced  turbulent  Reynolds 
stresses,  the  total  bu'.lget  of  the  energy  transfer  can  only  be  evaluated 
when  these  turbulent  effects  are  known.  This  is  given  in  Chapter  6. 
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Thi-  wavc-.i  s sori.ilf'l  Reynolds  stresses  nre  sit»nific;mt  not  only 
in  transferrinc  tin-  tieri^y  across  llie  interface;  to  cause  the  growth  of 
water  wave,  l>ut  also  in  transferring  the  energy  from  the  mean  flow  to 
the  wave  perturbatiejii  field.  The  rate  of  energy  transfer  jjev  unit 
volume  from  the  mean  flow  to  the  wave  perturijation  field  is  givt.'n  Ijy 


au  nu 

■r — . IH;Cause  - — r 
dyc  ()yc 


0 in  till'  boundary  layt;r  as  shown  in  Figuri 


S.  3,  Figure  'a.  1 ■)  shows  that  the  energy  transfer  rate  is  n(;gative  (from 

the  wave  pe rturlia  lion  fie- Id  to  thi'  mean  flow)  in  the  upper  portion  of  the 

boundary  layer  (b.  IH  < ky-')  and  is  positive  (from  the  mean  flow  to  the' 

wave  pe rturijation  field)  in  the  lower  portion  (0  < ky*  <0.  18).  The 

distribution  of  -Tiv  • 7—,  was  obtaiiu'd  from  the  avc;rages  of  the  |u.  I 

cly'-  1 

and  profiles  using  (S.  II)  to  calculate  uv  and  from  the  curve  fitted 

i 

mean  velocity  profile.  The  energy  production  is  confined  to  the  bound- 
ary layer  and  is  concent  rati;d  near  the  interface. 


(c).  Wave-induced  turbulent  Reynolds  stresses 

The  phase'  average  results  for  r"  for  y*  = I.6OI  cm  are  also 

ij 

shown  in  Figure  5,  1(b).  Near  the  interface,  r^^  and  r^^  are  coherent 
and  oscillate  in  phase.  Thus,  the  oscillatory  turbulent  intensity 

j ^ also  in  phase  with  r"  and  r"  . 1 he  turbulence  is 

enhanced  by  the  pre'sence  of  the'  mechanically-generated  water  wave  on 
the  li;e-ward  sifie  of  it  with  a pe'ak  occurring  about  1“^^  ahead  of  the 
wave  crest,  'rurbulence  is  reduced  on  the  wind-ward  side.  When  ky* 
is  large,  we  will  see  that  this  structure  is  changed.  The  oscillatory 
shear  stress  r^^  shown  in  Figure  S.  1(b)  indicates  that,  for  y*  = 1.604 
cm,  thi;  turinilent  Reynolds  stress  -(u''v")=  - u"v"  “ ^1  ^ relatively 
high  on  the  lee-wartl  side  and  relatively  low  on  the  wind-ward  side  of 
the  wat(;r  wave;  (-u"v"  is  shown  in  Figure  8.  t>).  This  is  consistent  with 
the  turbulent  inti'nsdv  I <\^  because  higher  turbulent  intensity 
usually  results  in  higher  turbuhint  shear  stress,  although  their  jieaks 
.'•rc'  not  necess.arily  matclHul.  This  consistency  between  the  turbulent 
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intensity  and  the  turijulent  shear  stress  holds  uniformly  through  the 
turbulent  boundary  layer,  as  shown  later  in  profile  distributions.  The 
distribution  of  r"j^  along  the  wavy  surface  for  small  y-  is  contrary 
to  what  expected  from  the  form  drags  caused  by  flow  separation  over 
the  wave  crests.  If  the  flow  separation  occurs,  the  maximum  turbu- 
lent shear  should  be  positioned  on  the  wind-ward  side  of  the  waves. 
Thus,  we  conclude  that  there  has  no  flow  separation  and  that  the  shel- 
tering effect  of  Jeffrey's  hypothesis  (1925,  1926)  is  insignificant  for 
the  flow  of  this  study. 

9~ 
r. . 

U 

and  9~  are  shown  in  Figures  5.  14,  5.  15,  and  5.  16.  The  amplitudes 
r . . 
ij 


The  phase  average  results  were  used  to  calculate 
by  FFT  and  c ros  s - spectral  analysis.  The  distributions  of  j | 


'-M 


are  large  near  the  interface;  they  decrease  as  ky=’'  increases. 

They  all  decrease  to  a "minimum”  at  ky*  = 0.6  and  regain  their  ampli- 
tudes when  further  away  from  the  interface.  Finally  they  decrease 
again  and  tend  to  zero  in  the  free  stream.  Physically,  the  "minimum" 
should  be  zero  because  there  is  a phase  jump  of  180  at  ky='-  = 0.  6 in  the 

9~  profiles.  The  non-zero  values  of  |r..|  at  ky-'-  = 0.6  are  caused 
ij 

perhaps  by  misalignment  between  the  oscillatory  probe  positions  and 

the  positions  where  the  flow  has  a constant  value  for  (u'ul  > . If  the 

* J 

amplitudes  |r..|  are  considered  as  positive  near  the  interface  and  the 
phase  shifts  of  9~  are  considered  as  continuous  across  the  boundary 


ij 

layer,  the  amplitudes  of  r”. . for  ky='=  > 0.  6 can  be  taken  as  negative. 
This  means  that  the  oscillatory  turbulent  stresses  just  above  ky=l=  = 0.6 
act  in  the  opposite  direction  to  those  stresses  just  below.  The  contin- 
uous phase  shift  across  the  boundary  layer  is  approximately  270  . 
However,  r"j  j and  r^^  have  almost  the  same  phase  distribution  as  a 
function  of  ky=i=,  while  r has  an  approximately  constant  phase  differ- 
ence of  90°  compared  to  those  of  7^  j and  r^^  throughout  the  boundary 
layer. 
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I'hr  dip-down  to  a ''minimum''  behavior  resultini'  in  the  double 
])oaks  in  the  profiles  of  | i'.  • | J^od  in  the  phase  jump  of  IHo”  at  ky='=  = 

0.  u were  not  observed  by  Yu  ul-  (197  3)  and  by  Chao  ^ (1976). 

Tile  experimental  data  obtaineti  by  Yu  et  al.  were  in  the  wave -followe r 
mode  ojierated  with  a constant  amplitude  oscillation  instead  of  the 
pri'sent  y-''  coordinatiu  In  addition,  their  measurements  only  extended 
to  ky  = 0.  4 which  is  about  oiu;  third  of  the  thickness  of  the  boundary 
layer.  Therefore,  thi;y  were  unalile  to  give  a clear  structure  of  the 
wave  perturbation  flow.  In  the  measurements  of  Chao  et  al.  (1976), 
although  they  used  probes  in  both  the  fixed  and  the  wave-following 
frames  to  obtain  the  velocities,  their  wave-follower  measurement  had 
the  same  di sadvantag<.‘  as  that  of  Yu  ^ al.  It  was  expected  that  the  fixed 
probe  measurement  which  covered  the  whole  boundary  layer  should  pro- 
vide a usable  picture  of  the  structure  of  the  w'ave  perturbation  flow, 
despite  its  inferiority  in  (h^scribing  the  interface  flow.  Unfortunately, 
the  correlation  scheiTie  usc.’d  by  Chao  et  al.  (also  by  Yu  et  al.  ) to  re- 
duce If..  I and  6;r  container!  the  contribution  of  u.u.  which  may  mask 
' ij'  "^ij  ^ 1 J 

th','  real  behavior  of  |r..|  aiul  dv  in  the  upper  portion  of  the  boundary 

layer  where  the  signals  of  r.^  are  weak. 

Gent  and  Taylor  (1976)  usi;d  an  isotropic  eddy  viscosity  model  to 
calculate;  the  interface  flow  in  a curvilinear  coordinate  system  under 
finite -amplitude  wave  conditions.  They  predicted  that  the  amplitudes 
of  the  induced  turbule;nt  Reynolds  stresses  would  have  double-peak 
profiles  and  that  the  phase  distributions  of  the  induced  turbulent  Reynolds 
stresses  shift  180°  in  the  downstream  direction  through  the  boundary 
layer.  However,  their  model  also  predicted  that  near  the  interface  the 
maximum  turbulent  intensity  and  the  maximum  turbulent  shear  stress 
occur  windward  of  the  water  wave.  This  is  contrary  to  our  observ'ation. 
The  phase  jump  of  180  at  ky-''  = 0.6  in  again  was  not  predicted  by 

ij 

their  model.  To  improve  tlu;  prediction,  perhaps  an  (;ddy  viscosity 
model  with  an  anisotropiic  behavior  should  be  considered. 
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The  ch;mm-s  in  thn  iiuiuced  turlnilcnl  Reynolds  stresses  rlue  to 
the  I'ffect  of  the  air  modulations  ar(!  clearly  si;en  in  Figures  5.  1 ■} , 

and  Qp-  distributions 

ij  . 

due  to  air  modulations  depiuid  on  whether  the  air  modulation  frequency 
is  larger  than  or  less  than  the  fr(K(uency  of  water  waves.  The  differ- 
t'nce  is  shown  more  clearly  in  the  phase  distributions  of  . More 

ij 

refined  results  and  discussions  on  th('  air  modulation  effect  are  pre- 
sented later  in  this  chapter. 

Consideration  is  now  given  to  the  wave -turbulenc<-  interaction. 


I'he  changes  of  both  the 


The  >_nergy  drain  from  the  wavi-  perturljation  field  to  the  background 

turbulent  field  is  given  by  -r".  .OvT. /Oxv'  . The  profiles  of  |u.  | , 8^  , 

f and  d'r  shown  in  Figures  S.  8,  5.9,  5.  14,  5.  15  and  5.  16  were 
' 'J'  U 

averaged  and  then  used  for  calculating  the  energy  drain.  The  results 


of  the  calculation  are  shown  in  Figure  5.  17.  The  horizontal  stress- 


strain  correlation  contributes  dominantly  to  the  energy  drain  near  the 
interface.  The  net  energy  drain  indicated  by  the  line  segments  in 
Figure  5.  17  shows  that  for  ky*  < 0.  68  the  wave -induced  turbulent 
Reynolds  stresses  convert  the  kinetic  energy  of  the  wave  perturbation 
into  background  turbulence.  For  ky='-'  > 0.68  the  energy  is  transferred 
from  the  turbulence  to  the  wave  perturbation.  The  amount  of  the  energy 
drawn  from  the  wave  perturbation  field  to  the  turbulence  in  the  lower 
portion  of  the  boundary  layer  is  much  larger  than  the  amount  of  the 
energy  given  to  the  wave  perturbation  field  from  the  turbulence  near  the 
free  stream. 

Liu  and  Merkine  (1976)  studied  the  interactions  between  the  wave- 
like large-scale  structure  and  the  fine-grained  turbulence  in  a free 
shear  flow.  Their  prediction  on  the  wave -turbulence  energy  transfer 
(Figure  3 in  their  paper)  resembles  our  observations.  They  showed 
that  the  horizontal  stress-strai.i  correlation  is  predominant.  How- 
ever, their  predicted  total  transfer  is  uniformly  from  the  wave  fndd 
(large-scale)  to  the  turbulent  fielfi  (fine-grained  turbulence).  Since  our 
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reiiults  .irt‘  rrli) It'd  In  .1  doundary  layi-r  flow  where  Uier>’  1 ri-  inter- 


actions between  the  iarfje-scale  turljulence  and  a wave,  this  may 
cause  the  difference  Ix'tvveen  r^ur  results  and  their  precJictions.  In 
gent'ral,  our  ol>s<'rvati(jiis  and  their  predictions  seem  to  he  consistent. 


h.  S .^ir  Modulation  Fi<'lds 

In  Chapter  3,  we  denoted  .1  ((uantity  g in  the  air-modulated  flow 
by 

g ^ c I + g;^' 

v.liere  g is  the  air  luodulatioti  component  given  by 

cl 


g - g • cos(ia  t - eg-  ) 

cl  «'i 


and  g'^'  is  the  Ijac  kg  round  oscillation  with  respect  to  . When  g is 
corri'lated  to  cos(cj_^t)  for  a time  jjoriod  T,  we  find 

[cos(u'  = 7 |g  I eos(u;  ^ " <5^  ) + T Ig”!  cos(  w £ - 9 ,,) 

J ci  ' a*  ^ g 2 • a'  a g 

a a 

(5.  14) 

fh<'  second  term  on  tlie  right  hand  side  of  (S.  14)  is  the  residual  error 
produci,')  by  the  iiackground  oscillation.  This  error  can  be  reduced  to 
a negligible  level  if  I'  is  sufficiently  large.  Unfortunately,  the  "jitter" 
and  the  drift  in  the  frequency  of  the  air  modulator,  as  described  in 
Ch'i[jt<  r 4,  has  preventijd  us  from  making  such  a long  time  correlation. 
Ib-c.iuse  no  reference  signal  for  g was  registered,  the  phase  6~  was 

I f 

nfit  reflucible.  Tht'  amplitude  | g^|  can  be  calculated  based  on  the 
aver.aged  j>ower  of  the  corriTated  signal,  i,  e.  , 


To  ('limin.itc  — | | from  Pg-  , the  same  data  reduction  procedure 

(Program  C in  Chapter  4)  was  performed  over  the  data  record  without 
the  air  modulation,  which  gives 


(P~  ) 
Sa° 


a 'o 


(5.  lo) 


where  the  suijscript  "o"  refers  to  the  case  of  f^  = 0.  Taking  the  differ- 
ence between  (5.  15)  and  (5.  16)  gives 

‘’a 


The  second  term  on  the  right  hand  side  of  (5.  17)  now  includes  the 
residual  error  due  to  the  background  turbulence  and  the  distortion  of 
the  turbulence  at  the  frequency  tj  due  to  the  air  modulation.  This 
term  represents  the  uncertainty  of  the  air  modulation  signal.  The  dis- 
tortion of  the  background  turbulent  spectrum  is  considered  significant 
so  ) can  be  negative  if  the  air  modulation  effect  results  in  a de- 

crease of  the  power  spectrum  of  the  turbulence  at  u and  if  the  signal  of 

Si 

'g^  is  also  relatively  weak.  Hence,  we  define  a quantity  ||g^ll 


I 

I- 


A(Pg  ) 

®a 


1/2 


if  A(Pg  ) > 0 

^a 


(6.  18) 


1/2  . 


if  A(P~  ) < 0 

§a 


which  characterizes  both  the  amplitude  |g^j  and  the  distortion  of  the 
background  turbulence.  When  the  distortion  is  relative  weak,  we  have 
||g'^j|  = |g^|  • arguments  given  above  apply  not  only  to  the  air 

modulation  field  but  also  to  the  interaction-produced  wave  field,  be- 
cause the  same  data  reduction  procedure  was  used.  The  data  pre- 
sented in  this  section  are  those  of  ||u.^|l  best 


mtc  r(>ri‘tit  ion  I'urvcs  ufooip.i  nyinj'  the  data  wore  obtaininl  by  locally 

smoothing  the  1 ami  ( I ) jirc^files  before  the  sul)traction  and 

'“"a 

thiMi  using  edn.-byshev  |k>1  ymn i\i a i.-  to  fit  the  subtracted  results, 

(al.  Air  modulation  velo<  itii's 

I'he  profiles  of  ||u_||  ar<;  shown  in  Figure  5.  18.  For  iT^,  the 
background  clistortion  <d  the  tiirbuletu:e  is  relativt-ly  weak  -.<j  |1  "-^11 
is  approsimately  etpial  to  |u  j . From  Figure  S.  18,  the  amplitude 
of  the  air  moilulation  fteereases  ,i  s the  frequency  of  the  air  modulation 
increases.  Hee  nisi-  the  amplitud  ■ control  yjlates  of  the  air  flow  pulsc^r 
were  not  adjusted  during  each  run,  the  decreasing  amplitude  reflects 
the  dynamic  r(*sponse  of  the  air  flow  to  the  flow  pulser;  a higher  fre- 
quency results  in  a lower  <a rTiplitudi.-  response. 

k'or  each  f , the  ||TT  ||  pr<jfile  remains  altnost  constant  except 
near  the  int(;rface  when  the  role  of  the  Stokes  layer  becomes  predomi- 
nant. The  y)resent  ritsults  for  |1  agree  with  those  measured  by 

,\charya  and  Reynolds  (197S).  For  mach  profile,  there  is  a peak  near 
the  interface  follower!  by  a dii)-rlown  as  ky'-  increases.  The ’position 
of  the-  pmtk  shifts  to  higher  idevation  as  the  frequency  of  the  air  modu- 
lation increases.  This  is  not  r-onsistent  with  results  predicted  in  a 
laminar  flow;  the  iamitiar  flow  prediction  gives  a peak  closer  to  the 
boundary  for  a higher  frequency.  This  peak  and  dijj-down  feature  w'as 
also  tjbserved  by  Acharya  and  Reynolds  (1975)  in  their  40  Hz  modula- 
tion, but  not  in  their  Z4  llz  modulation.  According  to  their  data  trend, 
it  is  conjecturerl  that  there  might  exist  a similar  feature  for  their  Z4  Hz 
rnorlulatirjn  in  the  vicinity  of  tlu  i r ch.nnnel  wall  where  they  could  not 
tiu-;isure. 

Figure  5.  19  shows  thi-  jirofiles  of  ||v^H  . Since  v"^  is  jjrimarily 

due  to  the  developing  boundary  1 lyer,  it  is  estiiiiated  that 


u u u 

nrj  (« 


I Oh 


0, 0008 


lU'cause  V is  so  wr.tk,  the  data  for  ||  v ||  shov.  ii  in  Fit;uri-  S.  Id 
I'oiit  tin  mainlv  thn  background  turbulence  distortion,  which  gives  a 
largi'  uncertainty.  Near  tht;  free  .stream  where  the  turlnilence  inten- 
•sity  is  weak,  we  have  ||  v ||  |v  | . The  order  of  magnitude  of 
|v^j|  near  the  free  stream  agrees  with  our  estimation. 


(b).  Modulated  turbulent  Reynolds  stresses 

The  profiles  of  ||  ‘‘^e  shown  in  Figures  5.  20,  5.  21,  and 

5.  22.  Three  components  are  responsible  for  |1  ? 


ijai 


: the  first  com • 


ponent  is  produced  from  the  direct  interaction  of  the  air  modulation 
with  the  background  turbulence,  the  second  component  is  produced  from 
the  interaction  between  the  air  modulation  and  the  wave  perturbation, 
and  the  third  component  results  from  the  distortion  of  the  turbulence 
due  to  the  imposition  of  the  air  modulation.  The  first  two  components 
contribute  to  '>  third  component  is  picked  up  by  the  data  reduc- 


tion precedure  and  is  not  the  desired.  The  negative  value  in  II  r 
results  mainly  from  this  third  component. 

The  relative  orders  of  magnitude  among  ||  r 


1 la 


1 2a 


ijal 
and 


^22all  are  basically  consistent  with  those  measured  by  Acharya  and 

Reynolds  ( 1975).  The  general  features  of  7 . are  as  follows: 

II  ijall 

highly  peaked  near  the  interface;  dipped  down  at  the  middle  portion  of 

the  Ijoundary  layer;  and  relatively  flat  near  the  free  stream.  This 

structure  is  similar  to  that  of  the  induced  turbulent  Reynolds  stresses 

given  in  Section  5.  4(c).  This  similarity  suggests  that  the  response  of 

the  turbulence  to  the  organized  oscillations  is  principally  by  the  same 

mechanism.  The  locations  of  the  dip-down  for  jj  r”. . |j  are  relatively 

higher  than  those  of  j|  1 this  was  also  observed  by  Acharya  and 

Reynolds  (1975),  However,  with  the  differences  in  the  data  reduction 

scheme  (they  used  the  correlation  to  a registrated  reference  signal), 

in  the  flow  condition  (their  flow  is  a solid-boundary  channel  flow),  and 

in  the  range  of  the  air  modulation  frequency,  no  further  comparison 

can  be  made.  With  the  relatively  high  uncertainty  in  r^. . , we  will  not 

® ija 

examine  further  the  data  results  for  the  air  modulation  field. 
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5.  f)  I'^ffrcts  of  Air  Modulation  on  Wave  Perturbation 

When  air  miKiulation  was  imposed  on  a wave  perturbed  flow,  the 
wave  perturliation  fielti  was  changed.  If  C§)y^  and  denote  the  wave 

perturlsation  quantities  with  and  without  the  air  modulation,  respectively, 
the  effect  of  the  air  inociidation  on  the  wave  perturl)ation  is  given  by 


= Ag  = (g)^  - (g)^  (5.  19) 

Introducing  the  wav'e  I'xpression  {tL.  9 1),  we  find 

Rd  ■ (r)o  — 

.Since  (g)^  and  (g)^^  are  complex  numbers.  Equation  (5.  ZO)  may  be 

expressed  as 


and 


= 1(  Ig  I I ( |g|  )^  - Z(  |g|  ) ( |g  I)  cos[(e..„)  - (0.^) 

/\  /A  rt  i\  rr  ra 


A' 


g'A 


g o 


1 n 


(5.  Zl) 


- 1 

tan 


I (|gl)A»iM9~)A-(|g|)oSin(0^)o  | 
I (Igl)^cos(e^)^  -(|g|)^cos(0^)^  j 


(5.  ZZ) 


Equations  (5.  Zl)  and  (5.  ZZ)  were  used  to  calculate  the  amplitude  and  the 

phase  of  g , which  may  represent  u.  , or  “r , . ..  The  results  of  the  cal- 
d id  ijd 

culation  are  shown  in  Figures  5.  Z3-5.  Z7,  The  profiles  of  (g) ^ and  (g) 
were  locally  smoothed  before  these  calculations. 

From  these  figures,  we  see  that  the  response  of  the  wave  pertur- 
bation to  the  air  modulation  near  the  interface  is  different  from  the 
response  near  the  free  stream.  Near  the  free  stream,  the  response 
is  strongly  dependent  on  the  frequency  of  the  air  modulation  compared 
to  the  frequency  of  the  water  waves.  The  cases  of  f = 0.  4 and  0,  7 Mz 

cl 

have  similar  features  and  iielong  to  the  lower  frequency  range  where 
the  air  modulation  frequencies  are  smaller  than  the  water  wave  fre- 
quency. The  case  of  f ^ = 1.  S Hz  lielongs  to  the  upper  frequency  range 


lOR 


whore  the  nr  i im-luln  tiun  frr(|n(nu-y  is  larger  lhaii  the  water  ''.-ave  fre- 
quency. N".ir  the  free  stream,  tlie  jihases  of  IT.  ^ and  ’‘■jj  these 

two  frequency  ranges  ,ire  almost  lh()  rlifferent  as  shown  in  the  figures. 
The  difference  between  these  two  I'recjuency  ranges  is  also  shown  in  thi- 

amplitude  di  st  ributiotis  of  Ti.  but  not  for  r.  . 

id  ijci 

Near  the  interface  , the  response  of  the  wave  perturbation  seems 
to  be  relatively  insensitive  to  the  frequency  of  the  air  modulation,  com- 
pared tc  the  ri!Sj30nsi;  near  the  free  stream.  In  the  proximity  of  the 

interface  (ky-I=  < O.Z),  the  profiles  of  | , 1 > ^u  • I ^ ■ 1 1 ’ ^'r 

ifi  id  ’ '.h*'  ^ijfl 

have  similar  characteristics  for  all  the  three  air  modulation  frcquimcies. 

(Note  that  a 360°  different  in  phase  is  of  the  same  phase.  ) Although 

6iY  , and  show  some  different  trends  between  the  two  frequency 

°id  ^ijd 

ranges,  for  the  intermediate  values  of  ky='=,  their  structure  is  n garded 
as  different  from  that  near  the  free  stream  because  there  is  no  persis- 
tent 180°  phase  difference  near  the  interface  between  these  two  ranges. 
The  elevation  where  the  free  stream  and  the  interface  regions  are  di- 
vided is  located  approximately  at  ky*  = 0.  6.  The  apparent  existence 
of  these  two  regions  occurs  both  in  the  profiles  of  u.^^  and 
the  other  hand,  we  have  shown  in  Section  5.4  that  similar  l^ehavior  was 

observed  for  . at  ky='=  = 0.6,  but  not  for  u.. 

ij  1 

The  effect  of  air  modulation  on  the  wave  perturbation  is  of  two 
types.  The  first  is  the  direct  interaction  between  the  air  modulation 
and  the  water  wave,  -tnd  the  second  is  the  indirect  changes  in  the  coup- 
ling structure  between  the  basic  flow  (the  mean  flow  and  the  turbulence) 
and  the  wave  due  to  the  air  modulation.  The  first  process  is  demon- 
strated by  the  production  of  the  interaction-produced  waves.  When  the 
interaction-proriuced  waves  couplt;  further  with  the  air  modulation,  the 
wave-induced  turbubmt  Reynolds  stresses  are  increased  and  the  velocity 
perturbation  field  is  morlified.  This  type  of  process  was  first  suggested 
Ijy  Hasselrnann  (1967,  1968)  in  <lescribing  the  wave -turbulence  interac- 
tion, which  was  one  of  the  original  motivations  of  our  present  study. 

As  shown  by  Hasselrnann  (1968),  this  type  of  coupling  process  is 
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par  1 nift  ric  and  the  cuuplinn  parameter  is  dependent  on  the  int('nsity 
(pt)wa'r)  of  the  air  motlnl.ition  an<l  on  the  air  modulation  friicpu  ncy 
relative  to  the  water  wave  frec|uency  f.  It  is  reasonable  to  assume 
that  Hasselmann's  interaction  process  may  be  responsible  for  the  ob- 
served l)ehavior  in  both  u.  , and  "r.  . , depending  on  whether  f < f or 

id  ijd  i; 

f > f.  Because  this  process  is  described  liy  the  interaction-produced 
waves  with  frequencies  f 1 f,  a more  intuitive  insight  to  this  process 
can  be  obtained  by  examining  the  propagation  directions  of  the  interac- 
tion-produci'd  waves.  When  f f,  both  components  of  the  interaction- 
producefl  wave  propagate  downstream  in  the  same  direction  as  the  water 
wave.  When  f • f,  th('  eomponenl  with  frequency  f f f,  still  propagates 

n cl 

fiownstream,  but  the  otln'r  conqionent  with  frequency  f - f propagates 

n 

upstream.  Hence,  the  direct  interaction  between  the  air  modulation  and 
the  w itc'r  wave  should  bi  diffen-nt  for  thesi'  two  frequency  ranges. 

7’hi!  second  proc<-ss  results  mainly  from  the  perturbation  of  the. 
basic  flow  structuri'  due  to  tlu-  air  modulation,  i.e.  , the  coupling  of 
the  b.asic  flow  to  the  wat'T  wave  is  changed  by  the  imposition  of  the  air 
mofiulation.  It  was  sho\vti  by  Hall  (I'lYS)  and  Seminara  and  Hall  ( 1975) 
that  laminar  flows  were  destabilii'.ed  by  the  air  modulation  without  regard 
to  the  frequency  range  of  the  air  modulation.  No  analysis  similar  to 
Hall's  has  been  performefl  for  a turbulent  flow;  however,  the  air  modu- 
lation must  have  an  effect  oi,  its  stability.  Since  thi-  turbulence  is 
usually  considered  to  tie  the  consefjuenf  <•  of  flow  instaliility , the  turlni- 
lence  characteristics  may  t>«?  more  strongly  affected  by  the  air  modula- 
tion than  the  mean  flow  characteristics.  Consequently,  the  change  in 
the  turbulent  structure  due  to  th<-  air  modulation  is  assunietl  to  be  the 
dominant  mechanism  which  govi^rns  the  second  process.  As  inferred 
frorT)  Hasselmann's  intera«'tion  theory  (19bH),  the  second  jiroci^ss  is 
characterized  by  the  intensities  of  the  air  modulation  and  the  turl)ulence 
and  is  due  to  highejr  ord(“r  interacti(.)ns.  Hence,  the  second  process  is 
r<datively  weak  in  com[)arison  to  the  first  process  if  the  air  modulation 


and  tho  turl)uU-ncc  ar<^  of  iJio  same  ordei’  of  ma^nitudi'  in  Ihcir  inlon- 
sitios;  this  is  the  case  near  the  free  stream.  However,  near  the  inter- 
face, the  turbulence  is  considerably  stronger  than  the  air  modulation 
so  the  second  process  may  l)e  of  ec|ual  importance  to  or  ev(;n  dominant 
over  the  first  process.  The  second  process  is  also  governed  by  the 
relative  location  of  the  air  modulation  frequency  to  the  frequency  band 
with  high  t\irbulent  energy.  All  the  air  modulations  in  the  present 
study  are  located  on  the  lower  side  of  the  energetic  frequency  liand  of 
turbulence,  so  their  effects  on  the  wave  perturbation  baserl  on  the  second 
process  are  presumably  similar. 

The  characteristics  discussi’d  above  are  consistent  with  the  data 

of  u and  r"  . It  is  surprising  that  the  data  of  u.  and  r. . have 
id  ijd  I 1 ij  ^ 

similar  trends  on  the  phase  distributions  to  the  data  of  u.  , and  r. , 

^ id  ijd 

for  f =1.5  Hz;  the  similar  trends  include  the  direction  and  the  range 
a 

of  phase  shift  across  the  boundary  layer.  This  similarity  supports 

our  arguments  given  above,  because  the  energetic  frequency  band  of 

the  turbulence  in  this  study  and  the  frequency  of  the  air  modulation 

(f  =1.5  Hz)  are  both  located  aliove  the  frequency  of  the  water  wave, 
a 

5.  7 Interaction-Produced  Wave  Fields 

The  data  reduction  scheme  used  for  the  interaction-produced 

wave  is  the  same  as  that  used  for  the  air  modulation.  So  the  results 

for  u are  presented  as  11  u.  ||  as  given  by  equation  (5.  18)  where 
is  " is" 

the  subscript  "a"  is  replaced  by  "s".  As  mentioned  previously,  be- 
cause no  reference  signal  for  ^ was  recorded,  no  phase  information 
of  u.  is  available.  The  profiles  of  ||  are  not  presented  be- 

cause they  are  basically  equal  to  the  amplitudes  of  (u.u.  ) . Figures 

1 ja  s 

5.  28  and  5,  29  show  the  distributions  of  (|  u^[[  and  ||  v^jj  . Again  the 
best  interpretation  curves  in  those  figures  arc  obtained  by  locally 
smoothing  and  curve -fitting  with  Chebyshev  polynomials  as  described 
in  -Section  5,  5. 


1 1 1 


I'ho  niagjutudos  cjf  |u  arc  relatively  higher  than  those  of 


l|v^||  expected;  the  ratio  of  I ll^gll  approximately  of  the 

order  of  the  ratio  lu|  / |v| . Accord  ing  to  the  inviscid  linear  analysis 
given  in  Chapter  3,  the  order  of  |u  | / is  approximately  of  10  ; 

this  is  found  in  the  present  data.  However,  the  consistency  should  be 
regarded  as  only  qualitative  because  of  the  uncertainty  in  the  data. 

The  data  suggest  the  existence  of  the  interaction-produced  waves,  i.  e.  , 
the  existence  of  the  direct  inti-raction  between  the  air  modulation  and 
the  uater  wave.  Unfortunately,  no  conclusive  or  quantitative  results 
could  be  found  due  to  unfavorable  data  quality. 
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r.lIAFTHR  6 
DISCUSSION 


6.  I Prov'ievv 

Because  specific  discussions  of  the  experimental  results  were 
given  in  Chapter  5,  the  discussions  presented  in  this  chapter  are  con- 
centrated on  the  general  aspects  of  turbulent  flow  over  a wave-perturi>ed 
air-water  interface.  The  topics  include;  a close  look  at  the  quantities 
measured  in  the  coordinate  systems  (x,  y,  t)  and  (x-'b  y-'',  t-),  a dis- 
cussion of  the  mean  flow  structure,  an  energy  consideration  of  the  wave 
perturbation  field,  an  insight  to  the  interaction  between  the  wind  and  the 
waves,  a general  picture  of  the  interface  flow  structure,  and  finally  an 

overview  at  the  closure  modelling  of  ?.  ..  Because  the  data  were  col- 

ij 

lected  in  the  (x-'S  y*,  t^')  coordinate  system  and  because  there  exist  dif- 
ferent physical  meanings  for  quantities  expressed  in  the  (x,  y,  t)  and 
(x*,  y-'b  t*)  coordinate  systems,  a realistic  understanding  of  the  flow 
structure  can  be  obtained  only  when  the  difference  in  these  two  coordi- 
nate systems  is  recognized. 

6.  Z Quantities  in  (x,  y,  t)  and  in  (x*,  y*,  t*)  Coordinates 

It  is  seen  from  equation  (2.4)  that  the  wave-induced  quantity  g is 
only  defined  when  the  mean  of  g,  now  denoted  by  G,  exists.  In  the  fixed 
frame  the  mean  quantity  G does  not  exist  for  y <a  because  it  is  im- 
possible to  perform  any  time  average  process  for  fixed  (x,  y)  if  y < a. 
Hence,  the  wave  quantity  ^(x,  y,  t)  can  not  be  determined  experimentally 
from  equation  (2.4)  for  y <a.  However,  in  the  transformed  coordinate 
system,  G(x''=,  y='‘)  is  experimentally  obtainable  for  y=f'  <r  a since  G(x='b  y H 
represents  the  time  average  performed  along  curves  where  (x*,  y='d  is 
constantly  in  the  air  regime.  So  the  quantity  g(x*,  y*,  t*)  is  defined. 
f3espite  of  the  difference  in  g in  (x,  y,  t)  and  in  (x*,  y*,  t*)  systems. 
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thf  |)h;isi‘  averai^e  result  g ^ i s well  behavetl  in  both  the  (x,  y,  t)  and 
(x*,  v’’',  t 'd  coordinate  systems;  y,  t)  and  <^g)>(x*,  y '-,  t*)  are 

identical  only  if  (x,  y)  and  (x"’",  y^''')  represent  the  same  physical  posi- 
tion. As  a result,  equations  given  in  the  previous  chapters  that  de- 
scribe the  wave  perturtjation  field  in  the  fixed  frame  are  not  valid  for 
V < a unless  we  can  give  a jjroper  rlescription  for  ^(x,  y,  t)  in  this  re- 
gion. Cin  the  other  hand,  t“quations  for  ^(x*,  y*,  t*)  in  the  transformed 
coordinate  systetn  do  not  have  this  difficulty  because  they  are  derived 
from  the  equations  for  -^g>  and  because  ?(x*,  y-'!',  t*)  exists  for 
y*  > 0. 

When  X ■■  = x,  equations  (Z.13n,b,c)  indicate  that  (x"=,  y=:==hl  and 
(x,  y=h  + f?7)  represent  the  same  physical  position,  so  we  have 

(g)(x:a  y-,t=:^)|^.^  = ^8  V ’ y.hff  fy 

Taylor  series  expansion  yields 

>'■  '>iy  = h 

= Mx,  h+frf  - fff.  t) 

= (g)(x,  h + fTf,  t)  - (x,  h+fTJ,  t)fTf 

+ ^ (x,  h+ftf,  t)-^^  + O(ff^)  (6.Z) 

ay 

Equation  (b.  Z)  is  only  valid  when  Tf  is  sufficiently  small.  Criterion 
for  its  validity  will  be  discussed  later.  Applying  the  relations  (Z.  47c) 
and  (Z.  47e)  and  substituting  (6.  1)  into  (6.  Z)  we  find 


nC  ) (x,  \ . t) 


= <^)(x  ^ y=^  t-)  I j ...  . 

y = h |y.-  = h dy-  | y =h 


J.  ( li . 9<g>  \ 

ay*  ' 2 av*  / 


ay=l 


y*=h 


+ o(ff  ) 


(6.  3) 


For  h > a,  the  time  averages  can  be  obtained  both  in  (x,  y,  t)  and 
(x*,  V*,  t*).  So  the  decomposition  of  (g ")  into  G + g is  feasible.  Thus, 
liy  equating  the  mean  and  oscillatory  portions  of  (6.  3),  we  obtain 


G(x,  y) 


y=h 


~ a^  9 / f 9G  \ 

G(x-b  y=.=  ) - fT,  + g—  ( — • T7 


and 


+ 0(T7^ 


y.  tM  , = g(x=s  y=^  t*) 

|v=h 


9G 

y*=h  9y* 


f.  T) 


(b.  41 


^ + O(rT)  (b.  31 
y-.'=h 


Equations  (6,4)  and  (6.  5)  show  the  relationships  between  quantities 

measured  for  the  same  physical  variable  in  the  two  coordinate  systems 

at  the  same  mean  elevation.  The  difference  between  G(x,  y)  and  G(x*,  y*l 

is  of  second  order  in  t)  so  that  they  can  be  taken  as  the  same  unless  the 

curvature  of  the  mean  profile  is  too  large.  The  difference  in  g(x,  y,  tl 

9G 

and  g(x*,  y*,  t*)  is  of  first  order  and  can  not  be  neglected  unless 
is  relatively  small. 

Let  us  consider  the  case  where  g is  the  horizontal  velocity  u. 

If  the  mean  velocity  profile  follows  the  wave  form  and  has  a sharp 
9 U 

velocity  gradient,  • f . 77  is  large  because  it  represents  the  oscil- 

latory velocity  picked  up  by  a fixed  probe  due  to  periodically  upwards 
and  downwards  translation  of  the  mean  velocity  profile.  For  low  wind 

speeds  we  also  expect  u(x*,  y*,  t*)  to  be  relatively  weak  so  u(x,  y,  t)  is 

d U 

mainly  caused  by  - • f • T?  • On  the  other  hand,  if  the  mean  velocity 

profile  does  not  follow  the  wave  form,  the  roles  of  u(x,  y,  t)  and 


US 


y*.  t")  are  inturchanyecl.  At  high  wind  speeds,  u(x,  y,  t)  and 
ii(x'' , y-'-,  t-'O  are  usually  large.  So  • f • t)  cannot  be  used  as  a 

sensitive  test  to  determine  whether  the  mean  velocity  profile  follows 
the  wave  form. 

For  h <a,  the  decomposition  of  (g)  into  G + g is  only  feasible 
in  the  transformed  coordinate  system.  To  obtain  an  interpretation  of 
G(x,  y)  and  g(x,  y,  t) , it  is  reasonable  to  extend  the  relations  (6.  4)  and 
(6.  5)  from  the  region  h •>  a to  the  region  h <a  by  continuation.  In 
this  manner,  G(x,  y)  and  g(x,  y,  t)  at  y < a are  calculated  from  G(x=:s  v='=) 
and  g(x*,  y=!=,  t"^=)  according  to  (6.  4)  and  (6.  5),  not  by  taking  the  time  and 
phase  averages  of  g at  fixed  (x,  y).  With  this  extention,  G(x,  y)  and 
^(x,  y,  t)  have  a physical  meaning  for  y < a which  is  consistent  with 
the  result  of  a traditional  perturbation  scheme.  The  boundary  condi- 
tions (Z.4  1a,b)  at  the  interface  now  should  be  described  as  those  for 
u(x-,  y-,  t*)  and  v(x*,  y-,  t*).  not  for  u(x,  y,  t)  and  v(x,  y,  t).  The  diffi- 
culty of  using  a fixed  coordinate  system  is  that  the  interface  boundary 
conditions  for  u(x,  y,  t)  and  v(x,  y,  t)  must  be  obtained  by  extrapolation 
using  the  Taylor  series  expansion  and  the  series  expansion  is  not  in 
general  valid.  The  advantage  of  using  a transformed  coordinate  system 
is  immediately  seen  because  it  does  not  require  the  validity  of  the  Taylor 
series  expansion. 

To  insure  the  validity  of  the  Taylor  series  expansion,  the  follow- 
ing condition  must  hold,  viz.  , 


<g)(x*,  y*,t*)  >>  ft) 


(6.6) 


As  an  example,  let  <g)  as  (u  ) . For  typical  turbulent  boundary  layer 
flows , 


9<u> 

8y* 


9U 

9y* 


■ini'  r thi  sinnli  itiiplitudc  wave  assumption.  Ttie  greatest  rate  of 
ehinee  in  U occurs  near  the  interface  where  the  laminar  sublayer 
gi\'es  a linear  mean  velocity  profile.  We  have 


2 


The  length  scale  of  8U/8y*  at  the  interface  is 


6 = 

o 


U V 
oo 


(6.  7) 


The  most  stingent  condition  for  (6,6)  is  at  the  interface  where  f(0)  = 1; 
this  results  in 


o 


In  terms  of  the  wall  coordinate, 


o 


(6.  7)  can  be  written  as 
U 

oo 

u,. 

'r* 


(6.  8) 


Note  that  is  also  the  reciprocal  of  the  root  square  of  the  drag 
coefficient.  The  wall-coordinate  parameter  for  a is  given  by 


+ 


a 


au 


V 


and  is  the  non-dimensional  roughness  of  the  water  wave.  Condition 
(6.  8)  is  now 

+ 

< < 1 (6.  9) 

6 

o 
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+ ^00 

F-'or  typical  turbulent  boundary  layer  flows,  6 = ==  <15 


30 


which  corresponds  approximately  to  the  lower  edge  of  the  log-linear 
profile.  To  insure  the  validity  of  the  linear  analysis  in  the  fixed 
coordinate  system,  the  amplitude  of  the  water  waves  must  be  less 
than  thickness  of  the  viscous  sublayer,  i.  e.  , the  roughness  produced 
by  the  water  waves  should  be  small  enough  to  guarantee  that  the  sur- 
face condition  is  still  aerodynamically  smooth.  Condition  (6.  9)  is  not 
satisfied  in  a laboratory  in  general,  because  the  wave  amplitude  has  to 
be  maintained  large  enough  to  give  a reasonable  signal-to-noise  ratio. 

For  instance,  fl  = 0.  51  cm  and  a = 2.  67  cm  in  this  study,  so  6 = 28, 

+ ° + ° 

a = 146,  and  a + /fi  = 5.  24  ^ 1. 

o 

We  now  compare  the  differences  among  g(x,  y,  t) , ^(x*,  y’^,  t*) 

and  g'=l'(x='^,  y*.  t='‘).  Equation  (6.  5)  shows  that  ^(x,  y,  t)  I _ and 

~ I ...  9G 

g(x-b  y*,  t*)  I are  always  different  by  the  amount  {fj  — — - 

no  matter  how  small  the  wave  amplitude  is  (unless  a = 0 such  that 

^(x,  y,  t)  = g(x*,  y’^b  t*)  = 0.)  When  g(x,  y,  t)  is  evaluated  at  the  time 

varying  position  y = h+fTJ  , we  have 


y =!'-h 


*’|y=h+fTf  " *^|y=h  ^ 


(6.  10) 


Hence,  g(x,  y,  can  be  approximated  by  ^{x,  y,  t)|^_Q  but  not 

by  J(x*,  y*,  t*)|  we  have  remarked  for  the  interface  boundary 

conditions.  Equation  (2.  56)  provides  us 


8G 

g*(x=>,  y*,  t*)  = g(x*,  y>f=,  fX)  - ft?  ^ 


(6.  11) 


Recall  that  (6.  1 1)  is  exact  (no  higher  order  terms  were  neglected)  and 
that  g*(x*,  y*,  t*)  is  evaluated  at  y*  = constant.  If  condition  (6.  9)  is 
satisfied,  from  (6.  5),  (6.  10)  and  (6.  11)  we  have 


(6.  12) 


y=^  t-)|  . = g(x,  y,  t)|  + 0{^^) 

I y-  = n I y=n 

The  value  of  ^*(x*,  y*,  t*)  evaluated  at  y*  = h can  be  regarded  as 
the  value  of  ^(x,  y,  t)  evaluated  at  y = h in  (x,  y,  t)  coordinate  system. 

It  may  be  visualized  that  the  coordinate  transformation  can  be  achieved 
by  stretching  the  undulating  curve  of  y*  = constant  into  a horizontal 
line,  if  ka  < < 1,  When  condition  (6.  9)  is  satisfied,  the  stretching  pro- 
cess and  the  extrapolation  by  Taylor  series  expansion  have  little  differ- 
ence,  so  g(x,  y,  t)  and  g=’'(x*,  y*,  t*)  can  be  taken  as  the  same.  How- 
ever, when  condition  (6,  9)  is  not  satisfied  such  that  g(x,  y,  t)  can  not 
be  obtained,  the  transformed  quantity  g*(x*,  y*,  t*)  still  has  meaning 
and  we  assume  that  ^"''(x-’^,  y*,  t='=)  will  take  an  equivalent  role  to  g(x,  y,  t) 
under  this  condition. 

6.  3 Mean  Flow  Structure 

As  shown  in  Chapter  5,  the  mean  velocity  has  a wake  log-linear 
profile.  This  profile  holds  to  the  vicinity  of  the  interface  below  the 
crests  of  the  mechanically-generated  water  wave.  The  mean  Reynolds 
stresses  measured  in  the  transformed  coordinate  system  as  shown  in 
Figure  5,  6 also  have  a structure  similar  to  that  observed  by  others  in 
flat,  solid  boundary  channels.  This  suggests  that  the  interface  flow 
characteristics  are  dependent  on  the  instantaneous  height  above  the  water 
surface  as  first  proposed  by  Benjamin  (1959),  and  not  on  the  height  above 
the  mean  water  level. 

In  Section  6.  2,  we  showed  that,  when  the  wind  speed  is  low,  com- 
paring u(x,  y,  t)  and  u(x*,  y*,  t*)  should  give  a direct  test  to  whether 
the  mean  profiles  follow  the  wave  form.  Chao  (1976)  measured 

u in  a fixed  frame  and  in  a wave -following  frame  (yj,=  y ■ ?))•  The 
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pri  sont  mo.'istiremoiit  in  Uic  t riinsfo'^med  coorrlinate  systuiii  is  cc|uiva- 

IfiU  to  tho  \vavo-follovvini>  measurement  near  the  interface  and  matches 

the  fixed  franu'  measurement  in  ttie  free  stream.  Tfie  results  of  Chao 

et  al.  showtHi  that  TT(x,  y,  t)  is  sui)stantially  larger  than  u(x,  y^,  t)  near 

tlie  interface  when  U /c  is  low.  The  order  of  magnitude  of  u(x,  y,  t) 

.^OU 

is  also  consistent  witti  Uiat  of  ri  r ■ Unfortunately,  thc.dr  data  in  tin* 

(iy 

two  frames  measurement  was  obtained  at  different  elevations  iinder  flif- 
ferent  mean  flow  conditions  so  tliat  no  direct  check  could  Ije  made  of 
the  relation  hetweei'  n(x,  y,  t)  and  u(x,  y^,  t).  In  order  to  fulfill  this 
specific  objective,  a separate  exjn'riment  has  been  performed,  in  w'hich 
we  measured  the  interface  flow  in  the  three  coordinate  systems  (y  = y, 
y^-y-TJ,  aiifl  y'''  = y-fT?)  at  the  same  mean  elevation  and  under  the  same 
flow'  condition.  The  results  of  that  experiment  show  a clearer  picture 
Ilf  this  wind-folUiwing-wave  character.  Detailed  results  of  this  separate 
I’xperiment  will  be  presented  in  a later  report. 

We  conclude  that  the  mean  flow  follows  the  wave  form  if  the  mean 
.sind  speed  is  not  too  high.  This  is  true  for  the  flow  in  this  study  be- 
cause no  flow  separation  is  observed  and  because  the  mean  profiles  are 
similar  to  the  well-behaved  turljulent  flows  in  solid  wall  channel. 

Ilenc'-,  describing  the  interface  flow  in  the  transformed  coordinate  sys- 
tem is  an  appropriate  approach. 

l-..et  us  now  give  attention  t(j  the  velocity  profile  parameter  C 
given  in  equation  (5.  '!).  The  averagi?  value  of  C is  found  to  be  H.  Zb 
(Table  S.  1)  in  this  study.  Stewart  (1970)  measured  the  velocity  profiles 
over  smooth  water  surfaces  and  ovr-r  a 1.  96  Hz  mechanically-generated 
v.ati-r  wave  under  a low  wind  coiiflition  (similar  to  this  study),  lie  found 
H = 7.  Z for  smooth  flat  water  surface  and  C = 3.  7 for  generated  water 
waves.  He  st.'ited  that  the  lower  value  of  C = 3.  7 resulted  from  the 
roughness  criiateil  by  the  mechanically-generated  water  waves.  We 
disagree.  If  the  generated  water  waves  are  considered  as  portions  of 
the  boundary  roughness,  th(^  form  drag  exhibited  by  the  wave-associated 
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Reynolds  stress  -puv  should  be  incorporated  with  the  mean  turbulent 
Re\Tiolds  stress  -pu'v'  to  c;ive  the  total  resistance  of  the  water  sur- 
face. Our  measurement  and  the  measurement  of  Kendall  (1970)  showed 
that  -0  varies  drastically  near  the  interface.  When  -p  uv  and 

-p  u'v'  are  combined,  the  structure  of  the  constant  stress  layer  is 
totally  distorted. 

The  lower  value  of  C = 3.  7 in  Stewart's  results  was  a consequence 
of  his  fixed  probe  measurements.  If  he  had  measured  the  flow  in  the 
transformed  coordinate  system,  we  expect  that  the  value  of  C would  be 
relatively  high  (near  7,  2)  because  the  mean  profiles  were  following  the 
waves  and  the  water  surface  was  relatively  smooth  with  respect  to  the 
water  waves.  All  the  second-order  correction  terms  appearing  in  the 
right-hand  side  of  (6.  4)  are  negative,  so  the  mean  velocity  measured  in 
the  fixed  frame  is  smaller  than  that  measured  in  the  transformed  frame. 
The  difference  between  these  two  frames  of  measurement  is  small  near 
the  free  stream  and  generally  increases  as  one  approaches  to  the  inter- 
face. As  the  result,  the  value  of  u^,  determined  from  the  profile  method 
should  give  a higher  value  for  fixed  frame  data  than  for  transformed 
frame  data.  The  value  of  C for  fixed  frame  measurement  is  then  con- 
siderably lower  than  that  for  transformed  frame  measurement.  The 
argument  stated  above  is  confirmed  by  our  measured  results  in  the  three 
coordinate  systems,  where  we  found  that  u,.,  and  C were  about  10.  8 
cm/sec  and  7.  5 for  transformed  frame  data  and  18,  3 cm/sec  and  -2,  7 
for  fixed  frame  data  at  U /c  = 1. 88.  Chao  et  al.  (1976)  observed  that 

CD  

u = 9.  3 cm/sec  and  C = 0.  9 for  fixed  frame  data  at  U /c  = 1.  12. 

* oo 

The  u.,  values  reported  by  .Stewart  (1970)  also  showed  10  to  higher 

values  for  the  generated  wave  cases  than  for  the  smooth  flat  water 
surface  cases.  If  the  generated  water  waves  are  regarded  as  surface 
roughness,  we  also  expect  that  the  C value  should  continuously  de- 
crease as  the  wind  speed  is  increased  when  the  wave  amplitude  is  kept 

121 


;4 


fonstanl  hrcaiisr  the*  vlitivr  rounhiiuss  given  by  a = au  . / 1/  is  larger 
at  higher  wind  speed.  This  was  not  oijserved  tjy  Stewart. 

I'or  flows  over  s\iu)oth  flat  plate,  measurements  of  Young  et  al. 
(19731,  of  Hussain  and  Reynolds  (1970),  and  of  Acharya  and  Reynolds 
(1975)  showed  tliat  C is  approximately  5,0,  and  Coles'  (1954)  data 
showed  that  C is  about  0.  1.  I'he-se  values  are  consideraljly  smaller 
than  our  H.  26  and  Stewart's  7.  2 values  of  C,  Agreement  is  obtained  if 
we  account  for  the  effects  of  the  drift  current.  The  effects  of  the  drift 
current  release  a portion  of  tlu;  turbulent  shear  stress  to  give  a lower 
value  of  u,„  for  interface  flows  than  that  for  smooth  wall  (flat  or  wavy) 
flows.  Accordingly,  tin-  c urve -fitting  by  profile  method  results  in  a 
lower  slope  aiul  a liigher  intercept  C,  Let  the  mean  velocity  for 

a no  drift  flow  be  u^en  b v 


U 


u , 

iT 


yuu_ 


In 


+ C u.„ 


(6.  14) 


where  c''’  is  5.  0 or  6.  2 as  described.  When  a drift  current  exists 

on  tlie  interface,  ttii;  velocity  t?xcess  is  transported  across  the  boundary 
layer  by  the  existing  turbulence  due  to  mixing  and  the  turbulent  shear 
stress  is  partially  released.  The  transport  of  the  excess  momentum 
is  similar  to  the  transport  of  an  excess  temperature  or  humidity 
appearing  at  the  interface.  So  the  current-induced  velocity  is  also 
given  by  a log-linear  profile,  i,  e.  , 


U 

a 


U 


(6.  15) 


wherf!  IJ  is  the  current-induced  velocity  and  U:;:  is  the  characteristic 

o . . 

frictifu)  velocity  of  t)ie  drift  curnmt.  Since  U = U + combining 

(6.  14)  and  (6,  15)  and  comparing  the  combined  result  to  (5.  2)  and  (5.  7) 
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yields 


c 


I 

I 

i 

! 

i 


U , = U , - 11,., 


(6.  If,) 


<\  nd 


TT  ° 

U , ,u,  U,  u^;c,  u,  , 

u...  k \ Ui\i  f 


(6.-17) 


Because  U >0  and  u°  • u,  ^ u-.  , all  the  correction  terms  on  the 

o ' d ^ 

right-hand  side  of  (6.  17)  are  positive.  So,  C > C . To  give  a quanti- 
tative estimate  of  C,  let  us  assume  the  drift  current  to  be  3^  of  U , 

00 

i.  e.  . U = 7.  2 cm/sec  for  U = 2.  i m/sec.  The  value  of  u , can  be 

O 00 

obtained  from  the  empirical  formula  given  by  Moffat  et  al . ( 1967),  i.  e.  , 


0.  013  (Re 


(6.  18) 


where  (7^  is  the  shear  stress  coefficient  for  smooth  plate  and  ^05^  is 

the  Reynolds  number  based  on  the  momentum  thickness.  For  Re  = 

35700  (Table  5.  1),  = 3470  from  the  1/7-th-power  law  (Schlichting 

1968,  p.  599).  So  we  have  u°  = 9.  89  cm/sec  from  (6.  18)  and  u...^  =1.31 

cm/sec  from  (6.  16)  when  u.,^  = 8.  58  cm/sec  (Table  5.  1).  When  u„,, 

u...  , u,,  U , and  k (=0.40)  are  substituted  into  (6.  17),  we  find 
- o o 

C = 6.  92  if  C°  = 5.  0 and  C = 8.  12  if  C°  = 6.  2.  Considering  the  scatter 
in  c”,  our  result  for  C is  not  inconsistent  with  Stewart's. 

6.  4 Energy  Budget  of  Wave  Perturbation  Field 

In  a turbulent  shear  flow,  there  is  continuous  dissipation  of  tur- 
l)ulent  kinetic  energy  into  internal  thermal  energy  due  to  viscous  stress 
and  an  accompanying  transfer  of  energy  from  the  mean  field  by  turbu- 
lent Reynolds  stresses  acting  against  the  mean  veloc)^ity  gradient  for 
replenishment  of  the  turbulent  kinetic  energy.  There  is  also  continuous 
diffusion  of  turbulent  kinetic  energy  by  fluctuating  motions.  With  the 
addition  of  wave  perturbation,  the  interaction  between  the  mean  flow 
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<ind  the  turbulence'  is  subjected  to  modifications.  There  are  additional 
interactions  between  tlie  mean  flow  and  the  wave  perturbation  and  be- 
tween the  turbulence  and  the  wave'  pi'rturbation;  these  interactions  pre- 
sumably estal)lish  the  evolution  of  the  wave  perturbation  field.  Conse- 
quently, the  energy  budget  among  these  three  fields  is  re -adjusti;d.  In 
this  study,  we  consider  only  the  energy  budget  of  the  wave  perturijation 
field.  Because  y*,  t='0  is  efiuivalent  to  ig(x,  y,  t)  when  ((>.  9)  is 

satisfied,  the  energy  consider.'ition  is  focused  on  g-'-iyc-'',  y-'b  t*)  for 
g'-nera  lization. 

The  kinetic  energy  K of  the  wave  perturbation  field  is 


K = — ( u*u*  -I-  v*v='=  ) 


(6.  IBal 


1 


'anergy  Ijalance  et|uations  for  the  horizontal  kinetic  energy  •—  u^u-'- 

J ~ ^ ^ 

and  the  vertical  kinetic  energy  — v'w''=  can  be  obtained  by  multiplying 
the  momentum  equations  {Z.  58)  and  {Z.  59)  by  u“’'  and  v-'-,  respectively, 


and 

then  taking 

time  averages. 

The  results  are 
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\ 0x=:= 
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(6.  19) 


3y=: 


9 9v* 

■ V'l'T 4"  1*^*'  ' ■ 

8x*  12  12  0x=:= 

(continued) 
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((-.  ^0) 


<)  Bv'' 


where 


fit"- 


•t  U 


(') 

9x'" 


On  the  right-hand  .side  of  (6,  19),  the  first  term  is  the  energy  transport 

due  to  pr('ssuri!  work;  the  second  term  is  the  energy  production  from 

the  mean  field  by  the  wave-associated  Reynolds  stress;  the  third  tern 

is  the  energy  transfer  to  the  vertical  wave  motion  due  to  the  pressure- 

strain;  the  fourth  term  (with  ) is  the  diffusion  by  viscosity;  the  fifth 
1 

term  (with  ) is  the  viscous  dissipation;  and  the  last  four  terrns  are 
Re 

the  energy  transport  and  the  stress-strain  work  due  to  the  wave-induced 
turbulent  Reynolds  stresses.  Their  overall  effect  results  in  the  change 
in  the  hori7.(jntnl  kinetic  energy.  Similar  interpretations  can  also  be 
given  to  the  Vf'rtical  kini-tic  energy  balance  equation  (6.  ZO).  Note  that 
the  energy  production  only  appears  in  (6.  19)  for  parallel  shear  flows. 

The  pressure-strain  terms  in  (6.  19)  and  (6.  20)  form  a compensatory 


pair  as  the  result  of  continuity,  i.  e.  , when  p“! 


9u* 
9 x"'- 


is  a source  term  in 


9v* 


(6.  19),  p"'  , is  a drain  term  in  (6.  20)  so  that  the  energy  is  trans- 

9y=.= 

ferred  from  vertical  oscillation  to  horizontal  oscillation,  and  vice  versa. 

If  the  flow  is  fully  or  almost  fully  developed,  the  change  of  aver- 
ager! qvjantities  with  respect  to  x"'  is  relatively  small.  Accordingly, 
the  terms  with  - — in  front  of  averaged  quantities  can  be  dropped 
from  (6.  19)  anfl  (6.  20).  We  find,  after  taking  the  flow  to  be  stationary, 


9 

_ + p.  _ 


1 9'^ 

I 

/ 9 v=:- 

\2  ^ 

■ Re 

. \ 9x- 

1 \ 9y*  ) J 

(1) 


U) 


9v* 


+ r*. 


9v* 


dy*  Zl  ZZ  9y* 

(3)  (5) 


= 0 


\Z  9x* 

(4) 

Our  measured  data  were  used  to  calculate  each  term  in  (6.  2 1)  and  (6.  22) 
except  those  with  p-'u  Because  no  pressure  data  were  obtained, 


p-'-  was  calculated  by  balancing  (6.  21)  by  summation  of  all  other 

terms. 


~ 9vi='=  . , 3 

p-'-  - — X"  equals  -p-'-  - — -j;  by  continuity.  Then,  ^ — — p’^'v 


9 y * ''  9 X * 

was  obtained  by  balancing  (6.  22).  The  calculation  results  are  given  in 

Table  6.  1.  The  horizontal  energy  balance  is  plotted  in  Figure  6.  1 and 

the  vertical  energy  lialance  in  Figure  6.  2.  It  is  seen  that  the  transfer 

processes  are  concentrated  in  a region  very  near  the  interface.  The 

lines  on  each  graph  represent  the  sum  of  the  terms  shown  there.  Thus, 

if  one  adds  the  values  at  any  point  on  these  two  lines,  one  obtains  the 

0 ' ' 

pressure  transport  value  - p'l'v^  . (Note  the  different  scales  used 
in  Figures  6.  I and  6,  Z,  ) In  Table  6.  1,  it  is  interesting  to  see  that 

near 


A s 


1 / 9 u \ ^ 

energy  dissipation  is,  therefore,  mostly  due  to  — X’ j 

/ 9ii * \ 2 / 9v*  \ 2 

\ dx*  j ~ \ 9 — ^ continuity  equation  is  apparently  satisfied  by 

the  measured  data.  Near  the  free  stream,  all  these  four  dissipation 
terms  are  of  the  same  order  so  the  motion  of  the  wave  perturbation  is 
irrotational  as  we  have  argued  in  Section  5.  4.  Table  6.  1 shows  that 
the  viscous  effects  are  of  higher  order  (in  magnitude)  and  are  negligible. 
The  turbulent  energy  transport  and  the  energy  drain  to  turbulence  of 
the  horizontal  kinetic  energy  are  one  order  in  magnitude  greater  than 
those  of  turbulent  energy  transport  and  energy  drain  of  the  vertical 
kinetic  energy. 
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A ni-ni-r.il  ■itriutiirc  of  the  einT^y  flux  in  the  region  near  the 
int^■rf.lCl•  is  .is  follows.  The  tinergy  source  of  horizontal  kinetic 
i;nergy  in  a control  volume  is  mainly  provided  by  the  turbulent  energy 
transport  from  the  control  volume  lying  below  and  the  energy  produc- 
tion from  the  mean  field.  This  energy  source  is  partially  balanced  by 
dissipation  into  internal  thermal  energy  and  energy  drain  into  back- 
ground turbulence;  howev^er,  the  largest  portion  is  converted  into  the 
v'ertical  kinetic  energy  by  the  pressure  perturbation.  This  vertical 
kinetic  energy  source  is  then  balanced  partially  by  the  dissipatio.i  and 
the  i.mergy  drain  of  the  vertical  kinetic  energy,  the  remtiining  and 
largest  portion  of  the  energy  sourci.-,  combined  with  the  additional 
energy  source  caused  by  turbulent  transport  from  the  control  volume 
below  , is  balanced  by  the  downward  transport  due  to  the  pressure  per- 
turbation. 


The  equation  for  the  total  kinetic  energy  K given  by  equation 
(6.  18a)  is  obtained  by  adding  (6.  21)  and  \6,  22),  which  gives 


+ rr 


12  9y=’' 


+ r 


^ 9v='- 

12  9x=:= 


9v* 

r V 

22  9y=:= 


= 0 


(6.  23) 


Integrating  (6,  23)  from  y‘'=  to  the  free  stream  yields 


(X) 


9U 

9y=:- 


dy* 


Re 


(continued) 
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9u='-  9u* 


1 I 9x- 


'■•:  4.  ~y-  ' \ , y. 

iz  9x*  iz  dy*  /'^  ^' 


~ 1 9K 

p*v*  + 

^ Re  9y=:= 


- "‘"•'U  - ''*’■12 


(6.  241 


Now  the  control  volume  is  a slice  of  width  dx*  with  the  lower  boundary 
at  y*  and  the  upper  boundary  at  the  free  stream.  When  (6.  Z4)  is  evalu- 
ated at  y’^  = 0,  the  right-hand  side  of  (6.  24)  represents  the  energy 
transfer  across  interface  by  the  wave-induced  forces  p*,  and 
1 

"pTe  ' ~9y*  ‘ left-hand  side  of  (6.  24)  is  then  the  power  supply  from 

the  wind  field.  Because  our  measurement  closest  to  the  interface  was 
at  y’l'  = 1. 604  cm,  the  energy  balance  of  (6.  24)  w’as  calculated  down  to 
that  point;  the  result  is  shown  in  Table  6.  2, 


It  must  be  pointed  out  that  -r*^u*  jy^-Q  not  represent  the 

energy  transfer  to  the  water  wave  by  the  wave-induced  turbulent  shear 

stress,  because  u*  I , ^ does  not  describe  the  wave  motion  of  the 
|y’''--0 

water  particles.  The  horizontal  oscillation  of  the  water  particles  at 
the  interface  is  described  by  u(x*,  y*,  t*)  j as  shown  in  Section  6.  2. 

When  the  flow  is  described  in  the  fixed  or  in  the  stretched  transformed 


coordinate  systems,  the  mean  turbulent  shear  stress  -u'v'  over  the 


undulating  water  surface  produces  an  oscillatory  force  -ft7  u'v'  , 
which  combines  with  to  give  the  energy  transfer  when  they  acted 

on  the  oscillatory  surface-water  particles.  The  energy  transfer  from 
wind  to  waves  by  horizontal  turbulent  shear  stresses  is  given  then  by 


9 


(-*r’^*u)  + fti  u'v'-^)  =-r  u 

' 12  y*  = 0 ' ^ 9y*  'y*=0  12 


y*=0 


This  argument  was  proven  by  the  authors  in  the  report  of  Wu  et  al. 
(1977)  where  the  derivation  for  the  energy  transfer  was  based  on  the 
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phTse  average  results  and  Hu;  derived  results  were  not  affectt:d  t)y 
which  coordinate  system  was  useil.  An  additional  argument  can  also 
he  obtaim'd  by  considering  a flow  over  a solid  wavy  wall.  There  is  no 
energy  transfer  across  the  solid  wavy  wall  because  the  wall  is  sta- 

Fhe  argu- 


tionary;  however,  there  is  non-zero  value  of  -r*^u* 


ment  shown  above  applies  also  to  the  other  oscillatory  forces  such  as 


aur 
1 


P*i  and  — • x-  , so  the  energy  transfer  to  the  water  wave  is 

given  by 


I - Pv 


1 a II—  1 — 
" \ z""  + 


(b.  Z5) 


T.able  6.  3 shows  the  energy  transfer  calculated  for  each  terms  of 
(6.Z5)  using  our  measured  data.  As  in  Section  5.4(b),  the  information 
of  the  pressure  perturbation  was  inferred  from  the  measurement  of  Yu 
et  ( 1973).  Note  that  Table  6.  3 is  obtained  for  y*  = 1.604  cm,  not 
for  y*  = 0.  Because  the  energy  production  and  the  wave  perturbation 
velocities  chajige  drastically  near  the  interface,  the  value  given  in 
Table  6.  3 are  not  an  exact  representation  of  the  surface  values.  How- 
ever, Table  6.  3 does  show  that  is  dominant  over  other  transfer 

terms.  The  domination  of  the  -p7  term  should  remain  valid  at  the 
interface.  A better  interpretation  for  -pv  at  the  interface  was  given  in 
Section  5.  4(b). 

Regarding  the  energy  transfer  by  the  induced  turbulent  Reynolds 


stresses.  Table  6.  3 shows  that  order  in  magnitude  greater 

than  -r  -V  , but  i&s  one  order  in  magnitude  smaller  than  -pv  . Both 


-r^^^u  and  negative,  i.  e.  , the  energy  is  transferred  from 


the  water  wave  to  the  wind.  The  negative  transfer  in  -r^^u  a 


nd 


■’'zz'^ 


and  the  relative  orders  of  magnitude  among  -pv,  -r^^u,  and  ^2^ 
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\viT>-  .ilso  obst'rvfd  by  VVu  ft  <il.  (Ib77)  for  wind-waves.  liecause  the 
turbulent  oscillations  are  presumably  damped  at  the  interface  by  vis- 
cosity, the  role  of  th«‘  induced  turbulent  Reynolds  stresses  is  gradually 
taken  by  the  viscous  oscillatory  stresses  when  one  approaches  the 
interface.  It  is  known  that  the  viscous  effect  at  the  interface  tends  to 
attenuate  the  water  wave  and  results  in  the  energy  transfer  from  the 
water  wave  to  the  wind.  So  -F^^u  and  expected  to  be 

negative. 

Bas»-d  on  the  integral  energy  balance  (Table  6.  2)  and  the  discussion 
on  the  energy  transfer  from  the  wind  to  the  water  wave,  the  energy 
budget  for  the  wave  perturbation  field  is  illustrated  graphically  in  Figure 
b.  }.  The  arrows  in  Figure  b.  3 indicate  the  directions  of  the  energy 
transfer. 

>>.  S Interaction  between  Wind  and  Waves 

We  now  attempt  to  discuss  the  physics  that  describes  the  interac- 
tion between  the  wind  and  the  waves.  In  order  to  do  this,  we  need  to 
start  with  the  case  of  zero  wind  to  show  the  basic  behavior  of  the  wave 
jierturbation  field  and  the  phase  shift  of  u due  to  the  existence  of  a 
Stokes  layer  near  the  interface.  Then  the  wind  is  introduced,  but  the 
wind  speed  is  still  within  the  range  of  U < c,  to  show  the  first-step 
effect  of  the  wind  on  the  wave  perturbation  field  and  how  the  Stokes 
layer  is  affected  by  turbulence.  Finally,  the  wind  speed  is  further  in- 
creased to  the  range  of  U > c to  produce  a critical  layer.  The  criti- 
cal layer  mechanism  which  describes  the  energy  transfer  from  wind  to 
waves,  the  changes  in  the  structure  of  the  critical  layer  due  to  the  in- 
fluence of  the  turbulent  wind,  and  the  interaction  between  the  critical 
layer  and  the  Stokes  layer  are  examined.  The  discussions  given  in 
this  section  are  for  an  infinitely  extended  air  flow,  i.  e.  , H oo. 

Results  for  air  flows  with  finite  height  are  expected  to  be  similar  to 
those  for  H — oo. 
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The  wavi' -indur od  velocities  for  the  no  wind  condition  are  de- 


scribed by  irrotational  motion  so  that 


■ky 


u = -kac  e cos(kx  - wt) 


-ky 


V = kac  e ^ sin(kx  - ut) 


(6. 26a) 
(6.  26b) 


Equation  (6,  26a)  does  not  satisfy  the  interface  boundary  condition  (2.  41b), 
so  the  viscous  effect  should  be  considered.  The  viscous  effect  results 
in  a Stokes  layer  near  the  interface,  and  there 


= -kac  e cos(kx  - ut)  + 2kac  e ^^cos(kx-ut  + ^y)  (6.27a) 


1 ” ^ y • / 1 \ 

V = kac  e sin(kx  - cot) 


kac-  (^)‘Le  ^cos(kx  - (jt  + fly  - -7  ) - cos(kx  - wt  - -j)  1 
p 4 4 


(6.  27b) 


where  ^ reciprocal  of  the  Stokes  layer  thickness 


(Phillips  1966,  p.  34).  u is  changed  drastically  by  the  viscous  effect 
near  the  interface.  The  phase  lag  of  u increases  from  0°  to  180° 


when  one  moves  from  the  interface  across  the  Stokes  layer;  v is  only 


k 2 

slightly  modified  because  — = {-^ 

w . ^ . w 


1/2 


is  small,  where  Re  = 

w 


is  the  wave-Reynolds  number. 


l/k 


When  a wind  with  U < c is  introduced  into  the  flow  field,  the 

00 


wave  perturbation  is  affected  by  the  mean  velocity  and  the  turbulence 
of  the  wind.  The  mean  velocity  causes  the  wave  perturbation  to  decay 


more  rapidly.  This  is  represented  by  multiplying  v by  an  approximate 


U 


decay  factor  (1  - — ),  as  suggested  by  Miles  (1957)  and  Lighthill  (1957). 


The  turbulence  introduces  turbulent  mixing  as  described  by  eddy  vis- 
cosity, so  the  wave  perturbation  motion  is  no  longer  irrotational  in  the 
boundary  layer.  The  range  of  turbulent  mixing  depends  on  the  diffusion 
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lavfr  thickness  6 of  the  mean  flow  (local  scale)  and  the  thickness  of 
o 

the  l)oundary  layer  6 (global  scale).  When  the  .Stokes  layer  thickness 
of  thi?  wave  perturbation  is  thicker  than  6 , i.  e.  , 6 0 < 1.  the  upper 

portion  of  the  Stokes  layer  is  dominated  by  turbulent  mixing.  Turbu- 
lent mixing  outside  the  Stokes  layer  usually  results  in  a more  uniform 
profile  of  the  wave  perturbation  near  the  free  stream  and  a steeper 
profile  near  the  interface.  This  can  be  justified  by  comparing  the 
mean  velocity  profiles  in  a turbulent  flow  and  in  a laminar  flow.  The 
phase  of  u and  7 in  the  boundary  layer  is  not  so  strongly  affected  by 

turl>ulence  when  U < c.  Outside  the  turbulent  boundary  layer,  the 
oo 

wave  perturbation  motion  is  still  irrotational.  An  additional  effect  of 
tht\  turbulence  is  the  production  of  the  induced  turbulent  Reynolds 
stresses.  Details  of  the  induced  turbulent  Reynolds  stresses  are  dis- 
cussed in  .Section  6.  7. 

When  one  observes  the  flow  with  U < c in  a travelling-wave 

oo 

coordinate  system  given  by  x^  = x - ct,  the  wave  form  is  stationary. 

The  mean  wind  flows  from  right  to  left  with  a velocity  c-U  if  the  water 
w.'ive  propagates  from  left  to  right.  The  flow  confined  in  the  boundary 
layer  can  be  regarded  as  flowing  over  a series  of  convergent  and  diver- 
gent regions.  Above  the  wave  crest,  c - (U+u)  is  a maximum  because 
that  is  the  narrowest  passage  of  the  flow.  Therefore,  u must  be  a 
minimum  and  negative  above  the  crest.  Similarly,  u must  be  a maxi- 
mum and  positive  above  the  wave  trough.  Hence  the  phase  lag  of  u is 
180°  with  respect  to  77. 

If  the  wind  speed  is  increased  such  that  U > c,  the  interaction 
between  the  mean  flow  and  the  wave  is  complicated  due  to  the  introduc- 
tion of  an  interaction  scale,  called  the  "critical  height"  y^.  The  criti- 
cal height  is  measured  from  the  mean  water  level  to  the  elevation  where 
U(y  ) = c.  Above  the  critical  height,  the  mean  wind  flows  from  left  to 
right  with  a velocity  U-c  when  one  observes  the  flow  field  in  x^. 

Above  the  wave  crest,  U + u-c  is  a maximum,  so  u is  positive;  above 
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thr  vvavi  trougli,  U + u-c  is  a minimum,  so  u is  negative.  Flow  below 

the  critical  height  is  similar  to  that  for  the  case  of  U <c.  Hence 

oo 

there  is  a phase  change  of  180  for  u below  and  above  the  critical 
height.  The  classical  hydrodynamic  stability  theory  showed  a discon- 
tinuity in  u at  y^.  The  viscous  effect  is  significant  near  y^  in  smooth- 
ing the  discontinuity,  if  there  has  no  turbulent  mixing.  As  a result, 

the  viscous  effect  produces  a critical  layer  near  y , The  thickness  of 

c 

the  critic^ll  layer  is  given  by 


6 = 
c 


kU' 


1/3 

y=y„ 


(6.  28) 


where  the  primes  denote  the  derivative  with  respect  to  y . 6 is 

usually  very  thin  for  a log-linear  mean  velocity  profile.  The  viscous 
effect  leads  to  a continuous  phase  shift  of  u across  the  critical  layer. 
The  phase  of  TT  shifts  in  the  wave  propagating  direction;  this  is  differ- 
ent from  that  produced  by  the  Stokes  layer  at  the  interface. 

We  now  consider  the  situation  where  y^  is  high  enough  that  the 
critical  layer  and  the  -Stokes  layer  are  well- separated.  Outside  the 
critical  layer,  but  above  the  Stokes  layer,  the  wave  perturbation 
motion  is  inviscid,  A good  approximation  to  v is  given  by  (Phillips 
1966,  p.  99) 


V = r ka  • (U-c)  • e sin(kx  - ut)  (6.  29) 

2 1 

where  F = -1  for  y <y  and  F ==  :r  for  y>y  . Equation  (6.29) 

C -5  c 

shows  that  the  amplitude  |v|  decreases  as  y y from  both  sides  of 
the  critical  layer.  As  a result,  there  is  a minimum  value  of  Ivl  in 
the  critical  layer. 

The  most  significant  result  of  the  quasilaminar  (or  inviscid) 
analysis  is  the  production  of  the  wave-associated  Reynolds  stress  -uv 
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in  the  critical  layer;  this  provides  the  energy  transfer  mechanism 
for  the  vvav'e's  growth.  According  to  Miles  theory  (1957),  -uv  has 
the  form 


for  y > y 

c 

for  V < V 

c 


(6.  30) 


roiTi  equation  (9.  13),  the  energy  transfer  due  to  the  pressure  pertur- 
oation  is  given  Ijy 


oo  oo  ' CD 


According  to  the  curve-fitted  mean  velocity  profile  given  in  Figure  5.4, 

"f* 

the  critical  layer  occurs  at  y = 4h.  7 where  u = 18.  2.  We  have  then 

y^  - 0.  849  cm  and  ky^  = 0.  0342  for  the  present  experiment.  We  also 

have  Ivi  /U  = 2.  1 • 10“''  at  y from  Figure  5.  9(a).  Hence,  the  value 
oo  c 

of  K found  from  (6.  31)  is  1.26-  10”^,  which  is  almost  20  times  greater 
P 

than  those  estimated  in  .Section  5.  4(b),  The  main  reason  for  this  dis- 
crepancy is  that  (6.  31)  is  based  on  the  viscous  critical  layer  mecha- 
nism, but  here  is  applied  to  a turbulent  flow.  In  (6.  31),  it  is  seen  that 
the  location  of  the  critical  height  is  the  key  to  this  mechanism.  In  a 
turbulent  flow,  the  critical  layer  structure  is  distorted  by  turbulent 
mixing  and  the  critical  height  in  the  turbulently-mixed  critical  layer 
is  not  clearly  defined.  Hence,  (6,  31)  is  not  adequate  for  a turbulent 
flow  unless  we  can  locate  the  critical  height  in  the  turbulently-mixed 
' ritical  layer.  We  will  come  back  to  this  point  after  the  turbulent 
' ffect  on  the  wave  perturbation  i.s  discussed. 

Before  we  examine  the  turbulent  effect,  let  us  take  a quick  look 

if  the  case  where  y •'  (b  + 1//1).  In  this  situation,  the  critical  layer 
c c ' 

aii'l  the  Stokes  layer  overlap.  Since  the  upper  portion  of  the  .Stokes 


l.iyor  is  .iffccti-il  by  thr  criticnl  layer,  the  180*^  phase  shift  of  u in 
the  Stok»;s  Liver  is  usually  not  completed  before  the  critical  layer  be- 
comes predominant.  The  effect  of  the  critical  layer  pushes  the  phase 
shift  back  into  the  downstream  diri  ction.  As  a result,  one  will  not 
observe  the  180°  phase  lag  of  iT  near  the  interface  but  outside  the 
Stokes  layer. 

Let  us  now  examine  the  role  of  the  turbulence.  In  a turbulent 
flow,  the  smoothing  by  viscous  effects  of  the  discontinuity  in  the  wave 
perturbation  is  replaced  by  turbulent  mixing.  Hence,  tlie  critical  layer 
structure  is  greatly  distorted  by  the  turbulence.  One  may  visualize 
that  the  location  of  the  critical  height  is  shifted  up  and  down  by  turbu- 
lent fluctuations  according  to  U + u'-c  = 0.  Although  u can  also  shift 
the  critical  height,  it  was  shown  by  D.avis  (I960)  that  this  is  a result 
of  nonlini'ar  effects  and  is  not  responsible  for  the  wave's  growth 
(jecause  no  energy  transfer  was  found;  hence,  it  is  not  considered  here. 
The  instantaneous,  local  viscous  critical  layer  is  further  thinned  or 
thickened  by  the  turbulent  fluctuations;  this  can  easily  be  seen  from 
(6.  Z8)  where  the  velocity  gradient  is  changed  when  the  mean  profile  U 
is  replaced  by  the  instantaneous  profile  U+  u'.  The  structure  of  the 
instantaneous  critical  layer  is  also  subjected  to  changes  due  to  vertical 
convection  by  v',  which  was  not  considered  in  Miles  ( 1957)  analysis 
wh'Te  V = v'  = 0 due  to  parallel  flow  and  inviscid  quasilaminar 
assumptions.  The  statistically  averaged  result  of  this  turbulent  mixing 
is  a turbulently  mixed  critical  layer. 

The  turbulently  mixed  critical  layer  is  thick  and  may  extend  over 
most  of  the  boundary  layer.  The  thickness  of  the  turbulently  mixed 
critical  layer  should  depend  on  the  intensity  and  the  statistical  proper- 
ties of  u',  instead  of  being  given  by  (6.  Z8).  When  y^  is  low,  the  tur- 
bulent critical  layer  overlaps  the  upper  portion  of  the  Stokes  layer. 
Thus,  the  phase  lag  of  u near  the  interface  is  not  180  ; we  observeci 

approximately  85°  (see  Figure  5.  8(b)).  The  phase  lag  of  85  in  xi 
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is  I'XjH'Ctfd  to  (ii'criMSo  at  higher  uind  speed  In  c luse  n or  ■ 

Stokes  layer  is  nffi-cted  by  the  turbulent  critical  layer.  This  is  con- 
firmed by  our  three  coordinate-systems  measurement  \>.her'  we  ob- 
served that  55^  for  U /c  - 1.  88.  Contrary  to  the  pre  betion  of 

u oo  

(o.  30),  the  distriljution  of  -ov  is  expected  to  bi'  continuou.->  and 
smoothly  varydng  over  the  whole  boundary  layer;  this  bi  havior  was 
observed  in  this  study. 

Suppose  now  we  let  y represimt  the  averaged  effective  critic  il 

height  and  assume  that  it  depends  on  the  magnitude  as  w.Tl  as  the 

distribution  of  the  u' -component  in  the  boundary  laye'r.  Then,  c.u 

only  be  determined  experimentally.  However,  it  can  be  argueci  that 

since  the  magnitude  of  the  u'-component  increases  drastically  at  the 

interface  as  y increases  and  then  decreases  when  near  the  free  .-itri  ' . 

v tends  to  be  located  at  higher  elevation  than  y [U(y  ) = c'  for  sr  i 
- c c c 

V and  at  lower  elevation  than  y for  large  y near  the  free  stream. 

' c c c 

.‘\s  inferred  from  the  quasilarninar  result,  it  is  reasonable  to  assume 
that  y is  located  at  a position  where  lv|  has  a minimum.  Ii)etails 
of  the  turbulent  effect  on  the  critical  layer  structure  are  now  being 
experimentally  determined  by  the  authors  and  will  bo  rejjorted  in  the 
near  future. 

From  Figure  5.9(a),  we  found  the  minimum  value  of  K I 
is  approximately  1.3’  10  ^ at  ky  = 0.26.  E calculated  liy  (6.  3 1)  is 

4m 

then  equal  to  6.  3-  10  which  is  consistent  with  those  values  obtained 

in  .Section  5.4(b).  We  now  conclude  that  the  estimate  of  Is  Ijased  on 

P 

(6.  31)  from  the  viscous  critical  layer  mechanism  is  entirely  ina  lecpi,.' 
for  a turbulent  flow.  A better  estimate  can  be  obtained  by  replacing 
th(;  viscous  critical  layer  by  the  turbulently  mixed  critical  layer.  Ph  - 
cause  the  energy  transfer  rate  given  by  (6,  31)  is  indepenilent  ol  , 
replacing  U by  eddy  viscosity  for  the  closure  modelling  of  r,  , '' 

not  significantly  change  the  energy  transfer  rate.  Our  present  experi- 
mental results  indicate  that  the  turliulence  produces  major  effects  only 
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on  the  wave  perturbation  by  distorting  the  critical  layer  structure  and 

has  only  minor  effects  on  the  direct  transfer  of  the  energy  from  the 

wind  to  the  wave  by  r"  . It  is  still  possible  that  Miles  inviscid  theorv 

i,l  

~ arj  — 

may  properly  predict  the  energy  transfer  rate  because  p ~ -puv 

as  shown  in  Section  5.4(b)  and  because  v predicted  by  Miles 

y=Vc 

theory  might  be  comparably  smaller  than  what  we  had  measured.  Un- 
fortunately, this  is  not  the  case.  In  Miles  theory  ( 1957),  the  wave  per- 
turbation pressure  is  expressed  as 


p(y)  = (a  + iB  )p  U ka 
P '^p  1 

A 1 2 

where  U,  = 2,  5u,.  Since  C = 1p|/tpU  , the  wave  growth  parameter 
1 p ' 2 oo 


U \ C • sin0- 


^ y-f) 


2 . ka 


= 24.  3 


for  the  flow  of  this  study.  The  corresponding  value  of  based  on  the 

inviscid  theory  (using  equation  (6.  31)  but  with  calculated 

numerically)  was  found  to  be  2.  9 for  ky  = 0.  0342  (Figure  1 in  Role 

c 

and  Hsu  1967).  Our  value  of  24.  3 is  consistent  with  Dobson's  (1971) 
field  data  (run  4b  in  their  measurements)  where  he  found  = 19  for 
c/u.,,  = 17,  and  is  8 times  larger  than  the  2.  9 value  predicted  by  Miles' 
theory.  This  indicates  that  the  distortion  of  the  critical  layer  by  tur- 
bulence is  responsible  for  the  higher  measured  growth  rate.  Turbu- 
lence produces  little  direct  energy  transfer,  but  works  like  a "catalyst” 
in  producing  -ilv  as  pointed  out  by  Stewart  (1967). 


6.  6 The  ‘Structure  of  Interface  Flow 

Rased  on  the  discussions  given  in  the  previous  sections,  a general 
structure  of  the  interface  flow  is  now  described  in  three  categories  by 
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the  c on s i(k‘ ration  flow  scal>.s.  Whoti  there  is  no  air  flow  , the  wave 

perturbation  field  is  characterized  by  three  scales,  i.e  , ive  'iniijli- 

tude  a,  wave  length  1/k,  and  thickness  of  the  viscous  Stokes  layer  1 / j3- 

a and  1 / are  local  scales  and  1/k  is  a gloljal  scale.  For  a turtju- 

lent  flow,  the  boundary  layer  thickness  6 is  a glottal  scab!  'nfi  the 

viscous  suit-layer  thickness  6 is  a local  scale,  .'\nother  scale  is  II 

o 

which  measures  the  extent  of  the  air  flow.  Our  present  discussion  is 
restricted  to  small  amplitude  waves  where  ka  < <'  1 , and  infinitely  ex- 
tended air  flow  where  kll  > > 1.  The  global  scales  form  a i.ondimen- 
sional  parameter  k6.  If  k6  ^ < I,  the  long  W'ave  approximation  de- 
scribeu  in  Chapter  3 applies.  We  do  not  consider  the  situation  where 
the  wave  length  is  short  and  comparable  to  the  local  scales. 

The  local  scales  form  the  non-ilimensional  paranu!t’'rs  a/ 6 and 
/9a.  The  condition  a / 6^  < < 1 is  required  for  the  validity  of  using  a fixed 
coordinate  system  as  described  in  Section  b.  1 when  there  is  a turbubjnt 
wind.  The  parameter  ^ ■a.  interprets  the  relative  scale  iietween  the  wali-i 
wave  and  the  Stokes  layer  of  the  wave  perturbed  flow;  hencu  it  is  a 
parameter  for  non-linear  behavior.  Under  no  wind  condition,  condition 

(6.6)  does  not  reduce  to  a/ 6 < < 1 ; instead,  it  reduces  to  Wa  < <1 

o ^ 

which  is  required  for  the  validity  of  using  a linear  anal-^sis  in  -t  fixed 

frame.  Hence,  when  /i  a >>1,  a transformed  coordinati;  system  must 

be  used  to  improve  the  linear  analysis.  However,  a/ 6 <r  «r  1 usuallv 

o 

insures  /ia  < < 1 in  a typical  turbulent  interface  flow. 

There  are  also  the  velocity  scales  of  the  wind  and  of  the  wave, 
which  form  the  parameter  c/U^.  This  parameter  determines  the  posi- 
tion of  the  critical  height  y . When  c/U  >1,  the  turbulent  shear  flow 

c oo  — 

travels  behind  the  travelling  water  wave.  We  call  this  interface  flow 
''sub-critical".  Almost  no  energy  transfer  from  the  : al  to  the  wave 
is  produced  by  the  wave  perturbation  jiressure  for  this  c.ise.  'f’lu're 
may  be  some  energy  transfers  by  viscous  force  and  r,.,  uat  they  are 
insignificant.  When  0 <c/U^  < 1,  the  upper  portion  of  air  flow  travels 
faster  than  the  water  wave  but  the  lower  portion  still  lags  behind. 
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Thi're  is  a critical  layer.  We  call  this  interface  flow  "critical".  The 
energy  transfer  by  the  perturliation  pressure  is  small  when  the  criti- 
cal height  is  large.  The  transfer  increases  as  y^  decreases.  How- 
ever, when  y is  submerged  into  the  viscous  sublayer,  the  transfer 

rate  decreases  as  y decreases.  (Here  we  consider  decreasing  y 

c c 

by  decreasing  c.  ) When  c = 0,  there  has  no  energy  transfer  because 
there  is  no  wave  motion  at  the  boundary  wall  (the  case  of  wavy  solid 
wall).  When  c/U  <0,  the  wave  propagates  against  the  wind.  We  call 

QO 

this  interface  flow  "super-critical".  In  this  situation,  energy  is 
transferred  in  the  opposite  direction,  i.  e.  , from  wave  to  wind  by  the 
pressure  perturbation. 

The  situation  of  c/U  ^0  can  not  be  obtained  in  an  air-water 

oo 

interface  flow  because  the  minimum  wave  speed  is  Z3  cm/sec  at  a wave 
length  of  1.  7 cm.  Wave  lengths  shorter  than  1.  7 cm  are  for  capillary 
waves,  which  are  not  in  the  range  of  the  present  study.  To  give  a com- 
plete and  systematic  examination  of  the  interface  flow  structure,  an 
experiment  performed  at  c/U^:s.O  is  required.  Studying  the  flow  over 
a stationary  or  flexible  wavy  wall,  as  accomplished  by  Kendall  (1970) 
and  Saeger  and  Reynolds  (1971),  provided  the  complementary  portion 
of  the  interface  flow  study.  It  is  even  more  instructive  to  measure  the 
air  flows  over  water  surface  waves  and  over  a stationary  wavy  wall  in 
the  same  wind-waves  channel.  A current  experimental  program  is 
being  undertaken  at  Stanford  toward  this  end. 


6.  7 Closure  Modelling  of  r.^ 

A satisfactory  closure  model  of  r..  should  not  only  result  in  good 

ij 

predictions,  but  also  describe  the  physics  of  the  flow.  Here  we  examine 
the  forms  of  closure  model  which  are  most  realistic  in  comparison  to 
our  experimental  results.  A new  closure  model  of  r,^  is  proposed. 
Calculation  of  the  proposed  closure  model  will  be  made  in  a subsequent 
investigation  and  is  not  attempted  in  this  study. 
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It  lias  boiMi  poifitcd  out  in  Cdiaptur  Z that  the  closure  tnorlelling 

of  the  induced  turliulcnt  Reynolds  stresses  should  Ije  addressed  to 

r..(x',  v',  t '■ ) not  to  7*  (x  ' , y-'=,  t=’').  The  equivalence  t)etween 
hi  hi 

7,  ,(x,  V,  t)  and  rr.(x'1h  y-’,  t=i=)  as  described  in  Section  6.  Z indicates 
hi  hi 

that  7.  .(x,  y,  t)  is  not  a suitaljle  c|uantity  for  closure  modelling.  This 

can  also  l.>e  inferred  from  the  physical  result  that  the  mean  profiles 

follow  the  wave  forms.  Therefore,  the  flow  properties  such  as  the 

tTiixing  length,  the  eddy  viscosity,  etc.  , must  be  measured  from  the 

instantaneous  distance  aljove  the  interface. 

Let  us  re-examine  the  experimental  results  of  r.  ..  Figures  5.  14, 

5.  15  and  5.  16  showed  that  the  phases  of  7^  ^ and  r^^  are  almost  the 

same  and  are  approximately  90^  in  the  lead  of  the  phase  of  u,  while 

the  phase  of  r is  aljout  90^  out  of  phase  with  those  of  7 and  r 

I 1 1 z z 

for  ky '=  <■  0.6.  This  indicates  that  7 and  r are  linearly  related 

Ou  Oil  ^ 

to  and  . There  is  a possibility  then  that  an  eddy  viscosity 

model  may  be  adecpiate  for  the  flow.  We  consider  now  only  7 
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Closure  models  for  r and  r can  be  easily  found  after  the  model 

f ~ . nnO  u 

for  r,  , is  completed,  bince  only  — , and  - — . produce  90  phase 

11  dt='=  9x='-' 

differences,  the  following  relation  is  proposed. 


~ A 97  97 

^1  1 ■ ^ 1 1 at*  ^11  ax* 


(6.  3Z) 


To  characterize  A and  L , let  us  consider  the  flow  over  a stationary 

cTu* 

wavy  wall.  In  this  case,  = 0 and  we  have 


1 1 


= n. 


a7 
1 1 ax* 


I'he  flow  over  a stationary  wall  is  similar  to  that  over  a flat  plate  if 
the  curvature  of  the  wavy  surface  is  small.  The  phase  averaged  results 
for  the  mean  velocity  anrl  the  turbulent  Reynolds  stresses  are  to  be 
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related  by  the  familiar  rule  of  edrly  viscosity.  So  we  finrl 


B. 


I 


.iu 

t 


where  is  the  edrly  viscosity.  Another  linut  case  to  Ijo  considered 
is  the  situation  where  k 0.  This  corresponds  to  the  flcjw  with  air 
modulation.  Equation  (6.  becomes 


cOu 

r ” A 

II  11  c3t=;= 


It  is  well  known  that  the  turbulent  intensity  is  decreased  in  an  accelerat- 
ing mean  flow.  Since  higher  turbulent  intensity  is  associated  with  de- 
celeration, the  value  of  .A  ^ ^ should  be  negative.  A consequent  result 
is  that  the  air  modulation  velocity  leads  the  modulated  turbulent 
Reynolds  stress  F,  , by  90  . The  90°  phase  lead  of  u to  r in  the 
flow  region  outside  the  viscous  Stokes  layer  was  observed  by  Acharya 

and  Reynolds  (1975)  for  both  f = Z4  and  40  Hz.  Unfortunately,  no 

a 

phase  relation  was  av'ailable  in  this  study  for  confirmation.  Although 
it  is  realized  that  the  air  modulation  in  an  interface  flow  is  similar  to 
that  in  a solid  wall  channel,  a re-check  of  this  phase  relation  by  mea- 
suring the  phases  of  u^  and  in  a wind-waves  channel  is  required. 

If  we  let  ^ j j ~ expressed  as 

~ _ d 9u  ^ ^ 

1 1 c 9t*  t 9x*i' 

= - Z(p  - p ) (6.  33) 

t d 9x-'- 

Equation  (6.  33)  is  apparently  an  eddy  viscosity  model  but  the  edciy  vis- 
cosity is  now  given  by  V - P . This  eddy  viscosity  is  different  from  the 


data  shown  in 


moan  flow  ocltlv  viscosit\-  U hy  an  amount  of  I'  Tho 

I d 

Kiiiure  “i.  It  requires  that  V > V , when  ky='=  <0.6  and  V '' , vvhen 
' t d t d 

ky  '-  ■>  0.  b to  produce  a ptiase  jump  of  180  at  ky='=  = 0.  6.  Closure 
relations  for  r^  , and  r ^ , can  be  found  froni  the  eddy  viscosity  law 
as 


, . , Ou  , 9v  . 


(6.  3 tt 


dv 


1 t d Oy- 


(6.  351 


P>ecause  -r — r >>  — r , shows  that  r,  , is  almost  in  phase  with  u 

oy-'=  ox^'-  Id 

as  indicated  in  Figure  5.  15.  There  are  two  inconsistencies  between 
the  eddy  viscosity  model  and  our  experimental  data:  (a)  equation  (6.  35) 
predicts  that  is  180^  out  of  phase  to  j • ^nd  (b)  the  amplitude  of 

> predicted  by  (6.  3 5)  is  of  the  same  order  of  the  amplitude  of  r^^ 
according  to  continuity.  To  correct  these  discrepencies,  the  following 
model  is  considered. 

It  is  well  known  that  the  eddy  viscosity  nodel  is  a simplified  form 
of  the  constitutive  relation  which  describes  the  turbulent  stresses  by 
the  analog  of  molecular  viscous  stresses.  The  constitutive  relation 
attributed  to  Prandtl  in  19d5  and  Von  Karman  in  1930  is  expressed  as 


u here 


Z 


(6.  3b) 


(6.  37) 


and  W is  the  eddy  viscosity.  For  the  interface  flow  with  a water  wave, 
- ^ — T — 

13.  . t q t and  .S.  , should  be  replaced  by  the  phase  averaged  quantities, 

i . e . , 


\4Z 


(6.  3Ha) 


<R. .N  = R.  . + r. . 
1.1  1.1  iJ 


<q  > = q + q 

/9<'u. 

<s..>  = s..  + s.  = 7 

IJ  IJ  IJ  2 \ 8x 


9 <^u.  ) 9 (u  . N 

^ 


ij  ij  ij  2 \ 9x.  9x.  / 

j j j j 1 

And,  the  coordinate  should  be  one  which  moves  with  the  wave  speed  to 

eliminate  time  dependence.  Since  (6.  33)  is  also  regarded  as  observed 

in  the  coordinate  system  moving  with  the  wave  speed,  we  have 

U = 1/  . i>  . The  constitutive  relation  for  the  wave  perturbation 
T t d 

quantities  is  now  found  as 

~Z 


where 


6..  - 

2V„S.  . 

T ij 

9u. 

9u.  \ 

1 

J 1 

9x . 

9x.  / 

If  (6.  39)  is  taken  to  be  in  the  transformed  coordinate  system,  q = 0 
will  result  in  (6.  33),  (6,  34)  and  (6.  35).  Our  measurement  of  r“j  ^ and 

same  phase  distribution  as  ^ and  r^^. 

So  we  propose  that 


The  relation  (6.  39)  is  based  on  homogeneous  isotropic  turbulence.  To 
characterize  anisotropic  behavior  of  the  shear  flow,  the  value  of  A in 
(6.41)  can  be  taken  as  different  for  r^j  and  So  the  final  results 


for  and  are 


ril  - 
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f d ()x  - 9y 


Ih.  I 5^ 


and  (6.  34), 


\1 


, , , 9u  , 9v  , 

‘'d' 


remains  unchanged. 

The  closure  model  given  above  is  basically  an  eddy  viscosity 
tTiodel,  but  with  features  distinct  from  that  proposed  by  Norris  and 
Reynolds  (1975).  In  the  model  of  Norris  and  Reynolds,  the  eddy  vis- 
cosity was  regarded  as  due  to  an  organized  wave  with  the  mean  edtly 
viscosity  equal  to  the  one  corresponding  to  the  flow  without  the  surface 
waves.  The  wave  compt)nent  of  thi’  eddy  viscosity  is  combined  with 
the  mean  strain  i)U/0y-  to  produce  an  additional  wave-induced  tur- 
bulent shear  stress  V 0U/dv'’.  Thus  their  model  is 

t 


0U 


1 Z *^t  dy^'^  "t  ' dy-''  9x* 


, du  , dv  , 
( T—  + T—  ) 


In  our  model,  we  postulate  that  the  change  of  the  mean  eddy  viscosity 
from  to  due  to  the  propagating  property  of  the  surface  wave 

is  of  significance  in  describing  the  induced  turbulent  Reynolds  stresses. 
This  model  does  not  contradict  to  Norris  and  Reynolds'  but  is  comple- 
mentary. When  c = 0,  “ 0 according  to  our  model  but  need  not 

equal  zero.  Combination  of  these  two  modelling  schemes  should  give 
a better  description  of  the  wave  perturbation  flow.  However,  we  will 
not  investigate  this  combination  untill  we  have  tested  our  present  model. 
Detailed  calculation  of  thi‘  v.,ive  perturbation  field  based  on  these  models 
is  reserved  for  subsefiuent  investigations. 

From  our  present  flata  for  r .,  it  is  also  seen  that  u and  r are 

>J  1 ^ 

of  the  same  phase  near  the  free  stream:  this  is  not  consistent  with  the 
closure  n lation  (6.  4ii).  In  the  free  stream,  the  turbulent  mixing  is 
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weak  and  the  turbulent  fluctuation  is  intermittent  and  of  large  scale. 
Hence,  the  fluid  motion  is  shear  free  and  irrotational.  According  to 
the  Bernoulli  equation,  we  have 


j i(u-c)‘^  + + w^  j = (6.44) 

p L ot 

where  © is  the  potential  function.  Substituting  equation  (Z.  Z3)  into 
(6.  44)  and  extracting  the  wave  component,  we  obtain 


f 

i 


-^  + 7 (U-c)u  + 7 (r  + r + r ) = 0 (6.  45) 

pc  c i L cc  33 

In  (6.45),  both  (U-c)u  and  ^22^  ^33^  responses  of  velocity 

to  the  pressure  perturbation  p,  so  they  are  of  the  same  phase.  Hence, 

r 1 j = Cj(U-c)u 

r = -c  (U-c)u 
12  2 

^zz  = 

where  the  relation  for  is  proposed  based  on  the  fact  that  higher 

turbulent  intensity  results  in  higher  turbulent  shear  stress.  With  the 
adjustment  of  the  closure  relation  near  the  free  stream,  the  more  com- 
plete expressions  for  . are  now  given  as 


''ll 

= -2(l+Aj)(l/^-l/^)|^+Cj(U-c)u 

(6.  46) 

^12 

(6.47) 

’*22 

(6.48) 
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Thus,  our  (sroposed  model  for  r.  . combines  th(?  features  of  the 
tnean  eddy  viscosity  characterizetl  by  the  time-dependent  visco- 
elastic response  characterized  Ijy  ^ due  to  propagating  waves,  the 
anisotropy  of  the  turbulence  characterized  by  and  A^,  and  the 
potential  flow  behavior  characterized  by  c^,  c^,  and  c^  near  the  free 
stream,  can  be  determined  by  relating  the  measured  U and  -u'v' 
tjy  mean  eddy  viscosity  model,  and  c^  by  curve -fitting  the  measured 
r”j  ^ to  (6.  17),  and  A^  and  c^  and  A.^  and  c^  by  curve -fitting  the  mea- 
sured values  of  r"^  ^ and  r^^  to  (6.46)  and  (6.48)  respectively. 
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CONCLUSIONS  AND  RECOMMENDATIONS 
7.  1 Conclusions 

The  overall  objectives  of  this  study  were  largely  accomplished. 
Based  on  the  results  and  the  discussions  presented  in  Chapters  5 and  6, 
the  following  conclusions  can  be  drawn: 

(1)  The  mean  flow  basically  follows  the  water  wave  form  in  the 
vicinity  of  the  interface.  However,  the  flow  in  the  free  stream  tends 

to  be  unaware  of  the  existence  of  the  water  wave  underneath.  This  con- 
clusion is  supported  not  only  by  the  measured  mean  velocity  which  per- 
sists as  a log-linear  profile  to  the  region  below  the  wave  crests,  but 
also  by  the  observed  eddy  viscosity  type  of  the  induced  turbulent 
Reynolds  stresses  as  described  in  the  transformed  coordinate  system. 
The  constant  stress  layer  of  -pu'v'  near  the  interface  provided 
another  evidence  of  this  wave-form  following  property  of  the  me-in 
flow.  Describing  the  interface  flow  in  the  transformed  coordinate  sys- 
tem given  by  (Z.43a,b,c)  is  clearly  an  appropriate  approach. 

(2)  The  drift  current  affects  significantly  the  mean  velocity  pro- 
file parameters  by  partially  releasing  the  mean  shear  stress.  As  a 
result,  the  value  of  C is  higher  than  and  the  value  of  u^.^  is  lower  than 
those  measured  for  turbulent  air  flows  over  a flat  plate.  The  mean 
flow  in  a wind-wave  channel  possesses  a slightly  Ccuette  turbulent  flow 
behavior. 

(3)  The  ripples  are  strongly  modulated  by  the  mechanically- 
generated  water  wave.  However,  at  the  wind  speed  of  this  study,  the 
roughness  produced  by  the  ripples  is  not  large  enough  to  interfere  with 
the  wind  field.  Hence,  with  respect  to  the  wavy  surface  of  the  gener- 
ated water  wave,  the  surface  condition  is  still  regarded  as  aerody- 
namically  smooth.  At  high  wind  speeds,  the  ripple  effect  must  be 
taken  into  account. 
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(4)  The  tm;chanically-i7enerated  water  wave  produce:;  an  addi- 

V\  e 

■ a\  -'  |y''‘=u 

= - p uv  ^ ’ ' 


tional  form  drag  to  the  wind  field  as  described  iiy  p 7-^, 

0 X 


found  that  p 7 


9x- 


y=^.0 


y=:-0 


y^:=  = 0 

The  value  of  -p  uv  fleer  eases 


rapidly  as  the  distance  from  the  interface  increases,  so  the  total 
Reynolds  shear  stress  -p(u'v'  + 'uv  ) does  not  have  a constant  stress 
layer.  Measuring  the  total  shear  stress  at  any  distance  above  the 
interface  usually  results  in  a value  much  lower  than  that  at  the  inter- 
face. The  ratio  y of  the  momentum  flux  supported  by  the  wave  to 
m 

the  total  momentum  flux  supported  by  the  interface  is  given  by 


= uv/(u'v'  + uv  ).  Hence,  if  the  wave  supported  momentum  flux 

- p u V is  determined  by  measuring  and  fj"  (correct  value)  and  the 

total  momentum  flux  is  inferred  from  the  concept  of  a constant  stress 

layer  by  measuring  the  velocity  fluctuations  (including  turbulence  and 

wave  perturbation  velocities)  somewhere  above  the  interface  (too  low  a 

value),  the  ratio  y then  is  too  high  (and  indeed  may  be  found  to  be  in 
m 

excess  of  unity.  ) The  high  value  of  the  momentum  transfer  ratio  re- 
ported by  Dobson  (1971)  is  the  consequence  of  using  this  evaluating 
scheme.  It  is  now  concluded  that  estimating  the  portion  of  momentum 
transfer  across  the  interface  based  on  the  constant  total  shear  stress 
layer  assumption,  as  made  by  Stewart  (1961),  is  entirely  inadequate 
when  the  wave  field  is  highly  peaked  near  the  dominant  frequency. 


( 5)  Because  - p uv 


y=^  = 0 


is  dependent  on  the  square  of  the  wave 


amplitude  under  the  same  wind  condition  where  -pu'v'  is  constant, 
the  ratio  of  the  momentum  supported  by  the  waves  to  the  total  momentum 
across  the  interface  can  vary  from  zero  when  there  is  no  mechanically- 
generated  water  wave  to  approximately  0.  83  when  the  generated  water 
wave  is  saturated  (ka  ^ 0.  29)  at  the  wind  condition  of  this  study,  (The 
measured  ratio  is  0.  for  ka  = 0.  1075.  ) It  is  concluded  that  the 
momentum  transfer  ratio  depends  on  the  wave  field,  on  the  wind  field, 
and  on  the  fetch;  it  can  not  be  regarded  as  a fixed  value. 
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(6)  At  thi;  wind  spc^od  of  this  study,  the  wave  perturbation  motion 

is  irrotational  in  the  free  stream,  so  there  is  no  wave -a s soc iated 
Reynolds  stress  -p  uv  produced.  But,  in  the  turbulent  boundary 
layer,  the  wave  perturbation  motion  is  rotational  due  to  the  turbulent 
mixing.  Across  the  boundary  layer,  a phase  shift  of  approximately 
180°  in  u was  observed.  The  phase  shift  is  continuous  over  the  entire 
boundary  layer,  not  sharp  as  predicted  by  Miles'  theory  which 

gives  a 180°  phase  jump  at  the  critical  height.  We  observed  a phase 
jump  of  180°  for  r_  approximately  at  ky*  = 0.  6.  This  phase  jump  is 
not  related  to  Miles'  theory,  but  can  be  interpreted  as  the  result  from 
the  time -dependent  viscoelastic  response  of  the  turbulent  air  flow  to 
the  propagating  wave.  The  relationships  between  u.  and  r..  according 
to  our  measurement  are  basically  of  an  eddy  viscosity  type.  Mow'ever, 
the  effects  of  the  propagating  wave  and  of  the  potential  flow  behavior 
near  the  free  stream  have  to  be  counted  of  if  one  looks  for  better  rela- 
tionships between  u.  and  ?.  .. 

1 ij 

(7)  Estimating  the  energy  budget  for  the  wave  perturbation  field 
showed  that  the  kinetic  energy  transferred  to  the  wave  motion  is  mainly 
drawn  from  the  mean  flow  field  to  the  wave  perturbation  field  by  the 
wave-associated  Reynolds  stress  -puv,  from  the  wave  perturbation 
field  to  the  background  turbulence  field  by  r”. . and  from  the  wave  per- 
turbation field  to  the  water  wave  field  by  the  wave-induced  pressure  p. 
The  result  of  the  energy  balance  also  showed  that  most  of  the  energy 
transfer  processes  occur  in  a close  proximity  to  the  interface.  There- 
fore, in  evaluating  the  energy  transfer  from  wind  to  waves  either  by 
using  the  energy  balance  scheme  or  the  extrapolation  from  the  mea- 
sured profiles,  data  information  near  the  interface  is  important.  For 
the  data  obtained  in  this  study,  the  extrapolation  prodvices  not  only  an 


..  . ~9T} 

excellent  agreement  between  p — . „ 
* ^ dx*  y*=0 


and  -Duv  , „ but  also 
^ y>;:=0 


between  our  wave  growth  rate  and  that  measured  in  the  field  by  Dobson 
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(l‘)71).  Hence,  we  conclude  that  the  measurement  in  the  transformed 

coordinate  system  using  a wave-follower  system,  as  performed  in 

this  study,  seems  to  he  essential  in  resolving  the  physical  processes 

of  the  interface  flow,  especially  for  the  flow  over  a mechanically- 

generated  water  wave.  Interpreting  the  flow  fields  in  the  transformed 

coordinate  systetri  and  formulating  a realistic  closure  model  for  . 

hi 

are  crucial  to  the  ultimate  theoretical  prediction  of  the  wave  generation 
processes.  To  measure  the  air  flow  in  closer  proximity  of  the  inter- 
face than  in  this  study  could  provide  additional  information,  but  is  not 
critical  to  the  theoretical  modelling  of  the  interface  flow;  such  data 
may,  however,  l>e  useful  to  the  final  confirmation  of  theoretical  pre- 
dictions. 

(8)  The  energy  transfer  from  wind  to  water  waves  is  predomi- 
nantly caused  by  the  wave  perturbation  pressure  p.  The  induced  turbu- 
lent Reynolds  stresses  transfer  relatively  small  amounts  of  energy 
directly  to  the  waves.  However,  the  turbulence  plays  an  important 
role  in  changing  the  structure  of  the  viscous  critical  layer  into  a tur- 
bulently-mixed  critical  layer  which  greatly  affects  the  rate  of  the  energy 
transfer  through  the  pressure  p.  It  is  found  that  Miles'  theory  is  en- 
tirely inadequate  in  describing  the  energy  transfer  from  wind  to  waves. 
•Substituting  the  measured  values  of  |vl  , U'  and  U"  at  y^  into  Miles' 
formula  (6.  31)  results  in  a transfer  rate  20  times  higher  than  the  mea- 
sured transfer  rate  caused  by  p.  On  the  other  hand,  using  the  mea- 
sured log-linear  mean  velocity  profile,  one  predicts  theoretically  an 
energy  transfer  rate  8 times  too  small. 

From  our  measured  energy  transfer  rate  and  the  consistant  re- 
sultant transfer  rate  observed  by  Dobson  (1971),  it  is  clear  that  the 
direct  input  of  wind  energy  by  pressure  perturbation  provides  a main 
energy  source  for  wave  generation.  This  direct  energy  source  from 
wind  is  of  significance  in  explaining  the  high  wave  growth  rate  ob- 
served by  Snyder  and  Cox  (1966),  by  Barnett  and  Wilkerson  (1967), 
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and  by  I^ole  and  Hsu  (l‘)69).  It  U’as  also  found  by  Wu  aj^.  ( 1977) 
that  the  energy  transfer  from  wind  Ijy  pressure  perturl)ation  is 
strongly  correlated  with  the  wave  height  for  a wind-wave  spectrum. 

The  evolution  of  the  wave  spectrum  is  determined  by  the  air  energy 
input,  the  non-linear  wave-wave  interaction  within  th(;  wave  spectrum, 
and  the  white-cap  dissipation  of  wave  energy  to  current  (including 
turbulence).  This  was  observed  by  JONSWAP  (Hasselmann  , 

197  3)  in  the  field  and  by  Wu  laboratory.  The  net 

energy  transfer  in  the  wave  spectrum  can  be  divided  into  three  fre- 
quency ranges.  In  the  low  frequency  range,  the  air  input  and  the  trans- 
fer of  non-linear  wave-wave  interaction  are  positive  and  the  dissipation 
is  weak  so  the  positive  transfer  results  in  the  waves'  growth  and  th<2 
continuous  shifting  of  the  dominant  wave  to  lower  frequency.  The  inter- 
mediate frequency  range  lies  between  the  dominant  wave  frequency  and 
approximately  twice  the  dominant  wave  frequency.  In  the  intermedi- 
ate frequency  range,  the  net  energy  transfer  is  negative  because  the 
wave-wave  interaction  transfer  and  the  dissipation  are  negative  and 
their  sum  is  larger  than  the  positive  transfer  from  wind.  This  indi- 
cates the  recovery  from  the  overshoot  phenomena.  In  the  high  fre- 
quency range  (or  the  equilibrium  range),  the  positive  transfer  of  wind 
and  of  wave-wave  interaction  are  balanced  by  dissipation. 

The  ratio  of  the  positive  energy  transfer  by  wind  to  that  by  wave- 
wave  interaction  at  the  low  frequency  range  depends  on  the  wind  and  the 
wave  conditions.  Measurement  of  Wu  et  al.  ( 1977)  showed  that  a 
larger  ratio  corresponds  to  higher  wind  speed  and  longer  fetch  (well- 
developed  wave  field).  Hence,  both  the  air  input  and  the  wave -wave 
interaction  are  responsible  for  the  waves'  growth.  Barnett  (1971)  con- 
cluded that  from  30^  to  90'f  of  the  waves'  growth  is  accounted  for  by 
the  wave-wave  interaction.  However,  for  an  unsaturated  mechanically- 
generated  water  wave  such  as  that  in  this  study  (or  for  a swell  in  the 
ocean),  the  air  input  is  the  unique  energy  source  for  waves'  growth  be- 
cause no  non-linear  wave-wave  interaction  occurs. 


L 


(9)  The  wave  perturbation  field  is  definitely  affected  by  the  air 
iv.odulation.  Air  modulation  with  a modulating  frequency  lower  than 
the  frequency  of  the  water  wave  has  a different  effect  on  the  wave  per- 
turbation from  that  with  a modulating  frequency  higher  than  that  of  the 

waves.  The  overall  effect  of  turbulence  on  the  wave  perturi^ation 
is  similar  to  that  of  air  modulation  with  a modulating  frequency  higher 
than  the  frequency  of  the  water  wave,  because  most  of  the  energetic 
components  of  the  turt)ulence  are  of  higher  frequency  than  that  of  the 
water  wave. 

(10)  The  effect  of  air  modulation  on  the  ripples  is  a lower  sur- 
face roughness  (with  respect  *^o  the  mechanically-generated  water 
wave)  than  that  without  air  modulation.  Wu  (1973)  observed  a different 
result  when  there  was  no  mechanically-generated  water  wave.  Further 
examination.^  of  the  air  modulation  effect  are  required. 

7.  Z Recommendations 

For  a better  understanding  of  the  air-sea  interaction,  the  follow- 
ing recommendations  are  made; 

(1)  For  a complete  measurement  of  a wave  perturbation  flow, 
the  measurement  of  the  pressure  field  should  be  incorporated  with  the 
measurements  of  the  velocity  and  the  wave-height  fields. 

(Z)  To  obtain  a clearer  picture  of  the  interface  flow  in  the  trans- 
formed coordinate  system,  the  flow  at  other  wind  speeds  should  be 
studied.  However,  the  ' pecial  case  of  c = 0 can  only  be  investigated 
for  a flow  over  wavy  solid  wall.  These  basic  studies  and  the  study  of 
the  air  modulation  are  crucial  to  the  closure  modelling  of  the  wave- 
induced  turbulent  Reynolds  stresses. 

(3)  As  the  viscous  critical  layer  is  strongly  influenced  by  the 
background  turbulence,  to  obtain  direct  insight  to  the  energy  transfer 
mechanism  from  wind  to  waves  the  detailed  structure  of  the  turbulently- 
mixed  critical  layer  must  be  examined. 
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(4)  For  a better  understanding  of  the  turbulent  effect  on  the  wave 
perturbation  flow,  a refined  measurement  of  the  air  modulation  field 
is  required.  This  includes  a registration  of  a reference  signal  for  the 
air  modulation  to  permit  education  of  the  phase  relationship  between 
the  modulated  quantities.  The  air  modulation  can  be  incorporated  ^\itn 
studi-'s  under  suggestions  (1),  (2)  and  (3),  or  with  tht'  flo.-.  . over  wie  '- 
generated  waves. 
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AlM'HNniX  I 


UNCKR  TAINT Y ANALYSIS 


Measurement  uncertainty  generally  occurs  during  data  acquisition 
and  reduction.  Uncertainty  in  data  acquisition  usually  results  from 
improper  performance  of  instruments,  limitations  in  probe  sensitivity 
and  frequency  response,  and  inaccuracy  of  instruments.  Because  the 
same  probes  and  instruments  were  used  for  both  caliljrations  and  data 
taking,  uncertainties  of  this  type  propagate  and  enter  into  a final  re- 
sult as  calibration  uncertainty. 

The  uncertainty  due  to  data  reduction  results  mainly  from  the  use 
of  a finite  data  record  in  calculating  a statistical  mean.  This  type  of 
uncertainty  also  depends  on  which  of  the  data  reduction  schemes  used. 
Formulas  used  to  estimate  the  data  reduction  uncertainty  are  given  in 
-Section  4.11. 


Kline  and  McClintock  ( 1953)  proposed  that  the  combined  uncer- 
tainty 6g  of  a measured  quantity  g(x^)  due  to  independent  effects  x. 
is  expressed  as 


c 


6x.  2 ,1/Z 

t")  I 


(A.  1) 


Since  the  calibration  and  the  data  reduction  errors  are  the  most  signi- 
ficant errors  involved,  the  combined  uncertainty  determined  by  (A.  1) 
is  mainly  contributed  from  these  t%vo  uncertainties. 

For  the  measured  data  in  this  study,  the  uncertainty  is  also 
dependent  on  the  elevation  y"''  where  the  data  were  collected,  because 
different  signal-to-noise  ratios  occur  at  different  elevations.  For 
instance,  6-^  at  ky=’=  cs  0.  6 usually  has  very  high  uncertainties  be- 


U 

cause  r”  0 there.  The  following  list  shows  the  overall  uncer- 

ij 

tanties  estimated  for  the  present  measured  data,  but  does  not  represent 
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tho  values  where  the  signal  is  weak  in  comparison  to  the  noise: 
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FABLE  6.  1 

Eiu-rgy  Balance  for  Wave  Perturbation  Field 


The  short  notations  used  in  this  table  represent  quantities  de- 
scribed as  follows: 


PROD 
DIFU  = 
DIXY  = 
DTRU 
DRAUV 
Dl^OW 
DIYX  = 
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DRAY 
DISS  = 
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- u-'a'’-'-' 


ou 


du-'- 


j / jz 
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^Tz  9x* 
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DRAX  + DRAY 


PRES  = 
DIXX  = 
DISX  = 
DRAUU 
DRAX  = 
DIFV  = 
DIYY  = 
DTRV  = 
DRAW 
DIFF  = 
DTTR  = 


DIXX  + DIXY 


r... 
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All  quantities  are  normalized  by 


= 6,  715-  10 
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TABLt:  6. 


« 


Energy  Balance  for  Equation  (6.  Z4) 
(h  = 1.  604  cm) 


T ransfer 
M echanism 


Transfer  Rate  Normalized  by 
pU^=  1.668'  10“^  erg/cm^-sec 


(1)  J -u-v=;<  dy>: 


6.  112.  10 


-5 


(2) 


Wave  - 
Dissipation* 


•3.  357  . lO"^  y 1.  692  • lO'”’ 


(3) 


Drain  to 
Turbulence** 


-4.  084  . 10 


-5 


(4) 


J_ 

Re  9y* 


-5.  066  • lO 


(5) 


-I*',  U'*' 

12 


I t 

r^^v=. 


-5  \ -5 

•5.  031  • 10  > 1.  693  . 10 


(6)***  - p*v* 


7.  231  • 10 


-5 


Wave -dissipation 


Drain  to  ^ Oil*  , ~ 9u*  , 9v*  , 9v*  \ , , 

- I j.-.;:  4-  4-  r*  4-  r*  dv* 

turbulence  J \ 11  dx*  12  9y*  12  9x*  22  9y*  / ^ 

•'h 

(I)  4 (2)  + (3)  - (4)  - (5) 
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TABLE  6,  3 


Energy  Transfer  from  Wind  to  Water  Wave 
(Evaluated  at  ky*  = 0.  0646) 


T ransfer 
Mechanism 

- ^ 


^ ^ U ) 
^ ^ (i^ ) 


E 

(Total) 


Normalized  Transfer  Rate 

1.  603  . lO""^ 

-Z.  324  • 10‘^ 

-3. 766  • lO"^ 

2.  594  • 10‘^ 

-6. 993  • lO"^ 

1.  335  • lO"”* 


3 4 2 

**Normalized  by  nU  = 1.668-  10  erg/cm  -sec 

^ GO 
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Figure  2.1  Scher'.atic  of  Phase  and  Time  Averaaes 


Figure  2.2  Lines  of  Constant  y 
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Figure  4.8  Typical  Hot-Film  Calibration  Curves 
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Figure  5.3  Mean  Horizontal  Velocity  Profiles 


Figure  5.5  Mean  Vertical  Velocity  Profiles  versus  ky 
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.6  Distributions  of  Turbulent  Reynolds  Stresses 
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Figure  5,7  Turbulent  Intensity  in  Wall  Coordinates 


Figure  5.12  Distributions  of 


Figure  5.13  Distributions  of  Eneray  Production  - uv  • 3U/ 
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Fiquro  5.16 


Amplitude  and  Phase  Distributions  of  r 


Fiqure  5.17  Distributions  of  Energy  Drain  from  Wave  to  Turbul 
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Fiqure  5.22  Profiles  of  Modulated  Turbulent  Stress  || 
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Figure  5.25  Amplitude  and  Phase  Distributions  of 
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Figure  5.29  Profiles  of  ||Vj,||  for  Interaction-Produced  Waves 


Schematic  of  Enerqv  Flux  into  and  from.  Wave  Perturbation 
Field  of  Interface  Flow 
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I 111  I .l‘.s  I t i 1 11 


I'hf  Si.intutit  wiiul-w.ivf  t.iiility  w.is  modified  to  permit  generation  of  an 
111  modiil.ii  ion  w i t li  a ‘iiniisoidal  variation.  A wave  height  gauge  and  an  X-arrav 
!ioi-lilm  prolu'  woro  iisid  to  measure  simultaneously  tlie  wave  height  and  the  wind 
\eloi  itv  from  a wave-l o 1 1 ower  operating  in  a transformed  coordinate  system, 
iout  runs  were  madi.' , all  with  a 2.U  m/sec  mean  free  stream  velocity  and  a 1 Hz 
meehan i ee 1 1 v-gene ra t ed  water  wave  of  amplitude  2.67  cm,  but  with  modulating 
freijuencies  at  0.0,  0.4,  0.7  and  1.5  Hz  respectively.  Each  velocity  profile 
consists  of  18  points  ranging  in  mean  elevations  from  1.604  cm  to  39.45  cm 
•ihove  the  interlace.  Theoretical  bases  were  also  formed  for  a better  under- 
st.inding  of  the  flow  characteristics  in  the  transformed  coordinate  system. 

The  mean  velocity  profile  was  found  to  be  basically  log-linear  with  a wake 
I'har.ii  t er  i St  ic  near  the  free  stream.  The  friction  velocity  computed  from  the 
protile  method  agrees  with  the  result  obtained  from  the  measured  constant  shear 
stress  laver  near  the  interface.  The  lower  portion  of  the  mean  profiles 
lollows  thi‘  wave  form  but  the  upper  portion  of  the  mean  profiles  seems  to  be 
unaware  ot  the  existence  of  the  water  wave  underneath.  Thus,  describing  the 
flow  in  the  transformed  coordinate  system  is  an  appropriate  approach.  Drift 
current  effects  on  the  mean  flow  were  also  discussed. 

Tl-.e  wave  perturbation  motion  was  found  to  be  irrotational  near  the  free 
stream  and  to  have  a strong  shear  behavior  near  the  interface.  All  the  phases 
of  the  wave-induced  turbulent  Reynolds  stresses  have  a jump  of  180°  in  the 
middle  of  the  boundary  layer,  but  such  jumps  do  not  occur  in  the  phases  of 
the  wave  perturbation  velocities.  The  relationships  between  the  observed  wave 
perturbation  velocities  and  the  induced  turbulent  Reynolds  stresses  are  basi- 
cally of  an  eddy  viscosity  type. 

The  energy  balance  of  the  wave  perturbation  field  showed  that  most  of  the 
etu-rgy  transfer  occurs  in  the  vicinity  of  the  interface.  Energy  was  drawn  from 
the  mean  flow  to  wave  perturbation,  and  then  from  the  wave  perturbation  to 
turbulence  and  to  the  water  wave.  The  energy  transfer  from  wind  to  waves  is 
predominantly  caused  by  the  wave  perturbation  pressure.  The  measured  wave 
growth  rate  agrees  with  that  observed  by  Dobson  (1971),  and  is  one  carder  in 
magnitude  greater  than  Miles'  prediction.  Wave-turbulence  Interaction  is 
responsible  for  this  higher  growth  rate. 

The  response  of  the  wave  perturbation  to  air  modulations  wlien  the  modu- 
lating frequencies  are  lower  than  the  frequency  of  the  water  wave  is  different 
from  that  when  the  modulating  frequency  is  higher  than  the  frequency  of  the 
water  wave.  Air  modulations  tend  to  decrease  the  ripple  formation  over  the 
mechanically-generated  water  wave  under  the  same  mean  flow  condition. 
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